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Abstract 
How do fuel and air mix, if a liquid fuel is injected into an environment featuring pressure and 
temperature that exceed the critical pressure and the critical temperature of the fuel? In this work, 
Raman spectroscopy is applied in experiments on mixture formation in two different setups. A 
microcapillary setup to gain data on vapor-liquid-equilibria at elevated temperatures and pressures 
and to develop methods for evaluation of spectra at controlled conditions, and a high-pressure high-
temperature combustion chamber where injections at engine-like conditions are performed and the 
mixture formation is investigated. In the capillary setup, a flow of alternating liquid (either decane- or 
ethanol-rich) and vapor (nitrogen-rich) segments is probed. The compositions of the equilibrated liquid 
or vapor segments is measured in situ and remotely by Raman spectroscopy. Furthermore, a method 
to derive the liquid phase temperature from the hydroxyl groups’ Raman signal is described. In the 
combustion chamber, the overall composition of the ethanol/nitrogen mixture, the liquid fraction of 
the ethanol/nitrogen mixture and the liquid phase temperature are measured spatially and temporally 
resolved by Raman spectroscopy. 
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I Abbreviations and symbols 
𝑇 temperature K 
x molar fraction - 
cp critical point  
VLE vapor-liquid-equilibrium  
𝑝𝑡𝑝 triple point pressure MPa 
𝑇𝑡𝑝 triple point temperature K 
𝑝𝑐𝑟 critical pressure MPa 
𝑇𝑐𝑟 critical temperature K 
𝑝 pressure MPa 
MFS micro-fluidic system  
?̅?𝑅 Raman-shift cm
-1 
𝜆𝐿 wavelength of the laser radiation nm 
𝜆𝑅 wavelength of the Raman scattered light nm 
𝐼 Raman signal intensity W 
ℎ Planck’s constant 𝐽 ⋅ 𝑠 
𝜀0 vacuum permittivity 𝐴 ⋅ 𝑠/(𝑉 ⋅ 𝑚) 
𝑐 speed of light 𝑚/𝑠 
𝐸𝐿 irradiance of the laser 𝑊/𝑚
2 
𝐿𝑖𝑗 local electromagnetic field - 
𝑁𝑡𝑜𝑡𝑎𝑙 total number of molecules - 
𝑘 Boltzmann’s constant 𝐽/𝐾 
𝑘𝑖 detection system efficiency constant - 
𝛼′𝑥𝑦𝑧,𝑖𝑗 derived polarizability tensor 𝐴 ⋅ 𝑚
2/(𝑉 ⋅ 𝐽0.5) 
𝑅 Raman signal intensity ratio - 
𝐾 calibration constant - 
EtOH ethanol  
MFC mass flow controller  
?̇? volume flow 𝑚3/𝑠 
𝑆 Raman signal 𝑊/𝑐𝑚−1 
IAD integrated absolute difference - 
IADS integrated absolute difference spectrum  
𝑆𝑟 thermal sensitivity %/𝐾 
𝑄 signal value  
II   
ℎ height above injector nozzle mm 
𝑆𝑁𝑅 signal-to-noise ratio - 
𝑡𝑎𝑣𝑠𝑜𝑖 time after visible start of injection µs 
𝑛𝑟𝑒𝑓𝑟 index of refraction - 
𝑛 factor for indices of refraction - 
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Introduction 1 
1. Introduction 
Even though most people encounter supercritical fluids on a regular basis, this term and the unique 
effects of this regime are unknown to them. The fluid states “liquid” and “gaseous” or “vapor” (in case 
of mixtures) are common, and apply to the initial states of the two components of an engine injection 
event. A liquid fuel of low temperature is injected with high pressure into a gas of often high 
temperature and elevated pressure. There, the liquid adopts the pressure of the ambient gas and heats 
up, and mixes by evaporative and convective/diffusive processes. During the injection, the liquid fuel 
is atomized, i.e. the stream breaks up into small droplets and ligaments at the nozzle exit. The initial 
form of this state is also known and intuitively understandable from experience: There are dense, fuel-
rich liquid volumes separated from the surrounding lean gas by a phase boundary, where the boundary 
forces keep the droplets in a more or less spherical shape. Yet, depending on the temperature, 
pressure and composition, the mixture may reach the so-called supercritical state, which is neither 
liquid or vapor but exhibits properties from both states. In this state, there is no more phase boundary 
separating the dense, fuel-rich volumes from the less dense, lean volumes. Consequently, evaporation 
and the accompanying evaporative cooling does not occur any more. Instead, the mixture formation 
is purely driven by aerodynamics and diffusion, and thus much faster compared to mixture formation 
involving evaporation.  
Fluids may reach their supercritical state in many combustion engines, like e.g. in diesel engines, or in 
jet engines of airplanes. A crucial part of the engine’s operation is the mixture formation, the aim is to 
achieve a homogeneous mixture for combustion. In a heterogeneous mixture, a portion of the fuel 
may remain unburnt, which is not only a waste of fuel but also increases the exhaust of pollutants from 
these engines tremendously. And even though these engines have been widely used for decades, the 
mixture formation pathways at potentially supercritical temperatures and pressures are still not fully 
understood. Since there are competing processes like e.g. evaporative cooling of the liquid phase and 
heat transfer from the ambient gas into the liquid, or shifting of the mixture critical points in terms of 
pressure and temperature, it is not yet fully understood when the mixture process transitions to the 
supercritical phase. To this end, further scientific investigations are necessary to understand the 
processes governing the mixture formation itself, and to provide data that is hard to acquire at these 
conditions to feed thermodynamic simulations of the mixture formation. 
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2.?State of the art 
At the start of injection in engine processes, the liquid fuel and the ambient fluid form two phases, 
where their respective possible compositions are a function of pressure and temperature. For a given 
pressure, a temperature-composition diagram like the one in Figure 1 visualizes this behavior, with the 
solid line enclosing the so-called miscibility gap that separates the vapor from the liquid phase. For a 
more detailed explanation on thermodynamic phases see section 3.1. In Figure 1, a 
gedankenexperiment on mixture formation pathways can be acted out. 
 
Figure 1 - Tx-diagram of fuel/nitrogen with three example pathways of mixture formation. 
Any injection event begins with a pure fuel at a given temperature being released into an environment 
of a given pressure. It is assumed that the injected fuel adopts the ambient pressure immediately. This 
starting point is given in Figure 1 in the bottom right corner, marked “x”. The fuel now heats up due to 
contact with the hotter ambient gas, and mixes with it. Depending on the heat and mass transfer rates, 
this leads to several possible pathways: 
?? Option 1: Mixing occurs first (progressing towards the left in Figure 1), then heating (progressing 
upwards in Figure 1), i.e. the heat transfer is considerably slower than the mass transfer. 
Consequently, the liquid phase will evaporate without increasing its temperature, and diffusive 
and convective processes do not play an important role as limiting factors of the mixture 
formation. 
?? Option 2: Mixing and heating occur simultaneously, thus the state of the mixture will progress 
diagonally to the left and upwards in Figure 1, till it reaches the miscibility gap. There, heat and 
mass transfer may find a balance, where the heat flux into the liquid matches the heat required 
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for the evaporation rate. If such a balance occurs, the liquid will not heat up further, and diffusive 
and convective processes in the fuel-rich vicinity of the droplet may play a role. 
− Option 3: The heat transfer is considerably faster than the mass transfer, i.e. heating occurs first 
and then mixing follows. Consequently, the liquid phase will heat up and may reach a temperature 
above its critical temperature. At this point, only diffusive and convective mixing become relevant 
as limiting factors of mixture formation. This mixture formation process is called transcritical 
mixing. 
Of course, each droplet will start shedding mass by evaporation, and as the process of mixture 
formation is transient, it may either evaporate until it vanishes or it heats up enough to reach a 
supercritical temperature and diffuse into the ambient gas. The dominating process strongly depends 
on the available specific enthalpy in the ambient gas, and its temperature gradient with respect to the 
liquid. A number of groups are investigating this process, and try to assess at which conditions an 
injected fuel may undergo transcritical mixing (Option 3). This is either done by means of optical 
methods, aiming to render the break-down of liquid-vapor interfaces by reaching the supercritical 
state visible, or by means of simulation. 
One of the works employing the first approach was conducted by Manin et al. [1]. They took images of 
single, high density fluid elements formed during the injector closing event of an n-dodecane injection 
at engine-relevant conditions. At conditions of low ambient pressure and temperature, clear signs of 
interfaces where identified in the images, and these structures were increasingly blurred with 
increased temperature and pressure, until there was no more identification of droplets possible. 
Manin et al. also pointed out an issue immanent to all imaging approaches at high pressure conditions: 
Due to density fluctuations and thus fluctuations in the index of refraction in compressed fluids, beam 
steering occurs. This blurs the image and limits the resolution, making it difficult to identify whether 
the diffuse structures merely appear diffuse due to blurring or really are an indicator for the break-
down of the liquid-vapor interface. Additionally, sprays at these conditions are extremely dense (which 
is why Manin et al. resorted to imaging single droplets during injector closing and not the spray itself), 
and multiple scattering occurs. 
Falgout et al. [2] applied ballistic shadowgraphy, blocking multiply scattered light by an extremely fast 
gate based on the Kerr-effect, to acquire images directly from the spray. They, too, searched for 
changes in the structure of the stream depending on the ambient pressure and temperature. When 
the ambient conditions exceeded the critical parameters of the injected fuel, they started to detect 
Schlieren-like structures on the flanks of the spray. However, their light source was not able to 
illuminate the center of the spray sufficiently, and they also noted that their approach did not yield 
information on the mixing pathway, suggesting Raman spectroscopy as useful in the matter. [3] 
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The work of Crua et al. [4] aimed at the investigation of the morphological distortion of droplets in a 
microscopic approach. They assumed that with decreasing interfacial forces, the droplet shape would 
increasingly deviate from its normally spherical shape due to the drag forces induced by the injection. 
Even at supercritical ambient conditions with respect to the fuel, they observed strong interfacial 
forces, pointing to evaporation, and identified a transitional mixing regime with diminished interfaces, 
replaced by a diffusive mixing regime when exceeding 8 MPa and 1000 K. They closed their publication 
by pointing out the need for quantitative liquid temperature measurements, as only this parameter 
could truly identify the thermodynamic state of fuel-rich structures and thus the mixing pathways. 
In the last five years, different groups have approached the matter of transcritical mixing by numerical 
investigations. Qiu and Reitz [5,6] published an investigation of thermodynamic states during high 
pressure fuel injections using equilibrium thermodynamics, focusing on phase compositions. They 
applied a phase stability analysis based on free energy minimization to a constant pressure adiabatic 
thermodynamic system. It was shown that even for conditions considerably exceeding the critical 
parameters of the fuel, evaporative mixing occurred due to evaporative cooling keeping the liquid 
phase below the critical temperature. A region in terms of ambient pressure and temperature where 
evaporative mixing prevails was predicted, as well as the transition to diffusive mixing. Qiu and Reitz 
considered a nitrogen atmosphere and pointed out the necessity to consider the fuel properties, as 
they have great influence on whether transcritical mixing occurs or not. 
Dahms et al. reported their numerical work on the break-down of the classic two-phase theory of 
mixture formation at engine relevant conditions in several works [7–9], incorporating detailed 
investigations of the interfaces between dense, fuel-rich regions and the environment. They utilized a 
Helmholtz energy equation combined with a generalized non-linear gradient theory to quantify multi-
component interface structures. Close to the injector nozzle, classic two-phase theory was shown to 
apply, while at greater distance from the nozzle and thus longer time scales and depending on the 
ambient conditions, a transition to diffusive mixing was predicted. Stemming from the different 
approach and set of equations used by Dahms et al., their pressure-temperature regime for the 
transition to diffusive mixing differs from the one found by Qiu and Reitz. 
Another numerical work focusing on the coupling of heat and mass transfer by employing non-
equilibrium models was reported by Lamanna et al. [10]. They coupled their work with Raman 
spectroscopy measurements in the wake of droplets to acquire information in the liquid phase 
temperature. Evaporative cooling was shown to keep the interface between the fuel-rich droplet and 
the environment intact even at supercritical conditions with respect to the fuel.  
When it comes to identifying the mixing pathway, imaging in high-pressure systems has proven to be 
limited in validity due to the cited reasons. For modeling the mixture formation at engine-relevant 
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conditions, experimental information on the liquid phase temperature and fraction as parameter for 
the mixture formation progress appear to be highly relevant. To obtain this information, several 
challenges have to be overcome: 
− Spray measurements call for optical techniques, since they are non-intrusive with respect to the 
hydrodynamics of the process and are capable of sampling at the required time-scales. 
− The techniques should be tracer-free, as to not disturb thermodynamic equilibria or shift 
thermodynamic properties. 
− Conventional imaging techniques lack the spatial resolution necessary to analyze single droplets 
during injection (and not only during e.g. injector closing), calling for different approaches. 
Furthermore, reliable data on the vapor-liquid-equilibria (VLE) at engine-relevant conditions are 
needed, and are scarce in literature. VLE data from literature are mostly found at lower pressures and 
especially temperatures than occurring during injection events in combustion engines. They are mostly 
measured isothermally, yielding few data for the isobaric heating during mixture formation. Measuring 
these data at high-pressure and high-temperature conditions is complicated due to several reasons: 
− Realizing a simultaneously well-defined high-temperature and high-pressure mixture composition 
is challenging, making reliable calibration difficult. 
− Sampling under these conditions is prone to error. 
− Fuel/air mixtures may auto-ignite at engine-relevant conditions, causing rupture of the 
containment or even explosion. 
 
2.1.1. Objective of this thesis 
In this work, Raman spectroscopy is applied in two different setups in order to gain insights in the 
mixture formation at elevated temperatures and pressures. The first one is a high-temperature, high-
pressure VLE setup, where finely scanned (>50 data points per pressure) isobaric temperature-
composition diagrams are obtained at engine-relevant conditions. This setup also serves as a testing 
site for Raman spectroscopy techniques to measure composition, liquid phase fraction and liquid 
phase temperature at engine-like conditions. These methods are then applied in the second setup: An 
optically accessible high-pressure and high-temperature injection chamber. Here, data on 
composition, liquid phase fraction and liquid phase temperature are acquired for potentially sub- or 
supercritical ambient conditions with respect to the pure fuel in a spatially and temporally resolved 
manner. By evaluating the acquired spectra using the developed methods, valuable data for future 
thermodynamic considerations and simulations are produced. 
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3. Application-oriented fundamentals 
In this section, the fundamentals necessary for this work are briefly described. The theory of 
thermodynamic phases for single- and multi-component systems is covered, introducing the different 
fluid phases and transitions between them, and the necessary knowledge about applied Raman 
spectroscopy is laid out, with focus on the influence of hydrogen bonds on the Raman spectra. 
3.1. Thermodynamic states 
3.1.1. Single-component systems 
There are two relevant points in a pressure-temperature (pT)-diagram when describing the phase 
behavior of a pure compound: The triple point and the critical point. Both points are defined by a 
certain pressure and temperature. At the triple point, the three phases “solid”, “liquid” and “gas” 
coexist. Since this work does not deal with solid substances, only fluid states are considered. The term 
fluid applies to all states of matter that do not have a long-distance molecular order, and the molecules 
can move freely. At the critical point the vapor pressure curve comes to an end (see Figure 2). The 
vapor pressure curve separates the liquid state from the gas state, and the transition from liquid state 
to gas state across the vapor pressure curve is discontinuous, i.e. if both phases are present within a 
thermodynamic system, there is an interface between them. At pressures exceeding the critical 
pressure (𝑝𝑐𝑟), the isothermal transition from liquid to supercritical fluid is continuous, as is the isobaric 
transition from gaseous to supercritical fluid at temperatures exceeding the critical temperature (𝑇𝑐𝑟). 
 
Figure 2 – Pressure-temperature (pT)-diagram for a single compound. The solid blue line shows normal melting pressure curve, 
dashed blue line shows anomalous behavior found e.g. in water. 
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The liquid state and the gas state greatly differ in many properties relevant to technological processes, 
e.g. density, viscosity, diffusivity, heat capacity etc. And even at supercritical conditions, there are 
observable differences in the properties between liquid-like and gas-like states, especially near the 
critical point. The transition between theses pseudo-states is continuous, but there may occur 
significant changes in their properties over a comparable small temperature or pressure step, often 
referred to as “Widom-lines”. [11–14] 
3.1.2. Multi-compound systems 
The former section considered single-component systems, while in multi-component systems the 
different compositions of the coexisting phases have to be considered. When in thermodynamic 
equilibrium, fluid mixtures of fuel and air may either form one single phase or two phases. The 
thermodynamic equilibrium is defined as when temperature and pressure are identical for both 
phases, and when the chemical potential 𝜇𝑖
𝛼  of compound i in phase 𝛼 is identical to the chemical 
potential 𝜇𝑖
𝛽
 of compound i in phase 𝛽. Given the pressures and temperatures relevant to combustion 
engines, the single-phase is either liquid, gaseous or supercritical. The latter term means that the 
temperature and pressure of the mixture exceed its critical parameters. If two phases coexist, they 
form a vapor and a liquid phase, where pressure, temperature and global composition define the 
compositions and shares of the vapor and the liquid phase. This can be visualized by temperature-
composition (Tx) diagrams or pressure-composition (px) diagrams. A Tx-diagram is shown in Figure 3. 
The curves shown in this figure are for a binary system, and only binary systems are investigated in this 
work. 
 
Figure 3 - Tx-diagram of decane and nitrogen for 2.5 and 6 MPa. 
In the binary Tx-diagram, the liquid phase is found to the right of the bubble point curve and the vapor 
phase is found to the left of the dew point curve. The phases are separated by the miscibility gap, the 
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region that is enclosed by bubble and dew point curve. While compositions located within the liquid 
or vapor phase region (depending on temperature and pressure) are stable and can exist in reality as 
a single phase (if in equilibrium), systems with global compositions and temperatures within the 
miscibility gap separate into a liquid and a coexisting vapor phase of respective compositions found on 
the bubble and dew point curves at the respective temperature. Furthermore, with the global 
composition and the “lever rule” of phase equilibria, the amount of the coexisting phases can be 
calculated. At supercritical pressures with respect to the pure compounds, the point where bubble 
point curve and dew point curve connect is the mixture critical point, above which any composition 
results in a single phase fluid. 
At subcritical pressures with respect to the pure liquid-dominating compound, e.g. at 2.5 MPa for 
decane in Figure 3, both boiling points of the pure components are visible in the Tx-diagram where the 
curve touches the vertical axes at the respective components boiling temperature. In contrast, at the 
respective supercritical pressures, e.g. 6 MPa for decane in Figure 3, the bubble point curve detaches 
from the vertical axis at pure fuel, freeing a way from liquid to gaseous state and vice versa around the 
miscibility gap. When fluid passes e.g. from the liquid phase to the vapor phase at temperatures below 
the mixture critical point, this is called a phase transition, and a certain amount of energy has to be 
invested for this process to happen, called the “enthalpy of evaporation”. Since at subcritical pressures 
the liquid phase is completely closed off from the vapor phase due to the bubble point curve being 
attached to the axis, any phase transition requires this enthalpy. At supercritical pressures however, 
there is a way around the miscibility gap that allows for transit from one phase to the other without 
investing the enthalpy of evaporation, a fact that can greatly accelerate mixture formation under 
certain conditions. To this end, the liquid phase has to be heated up to temperatures above the mixture 
critical point, where the miscibility gap does not have to be crossed and consequently no phase 
transition occurs. [11–16] 
3.2. Micro-fluidic systems 
The microfluidic setup used in this work is based on the works of Luther et al. [17–19], and a more 
detailed description of microfluidic systems and the effects of micro-scale volume on fluid behavior 
can be found there. In this section, knowledge about multi-phase microfluidic flows is briefly 
summarized. 
Microfluidic systems (MFS) are characterized by their small internal volumes, ranging from microliters 
down to the nanoliter regime. Due to the short characteristic lengths and surface-to-volume ratios of 
multiphase systems in MFS, heat transfer and diffusive mass transfer lead to fast equilibration of the 
system. Furthermore, the small volumes of such setups facilitate the homogeneous control over the 
temperature parameter. A drawback is the tremendous impact that physical sampling would impose 
on the equilibrium of the system, thus calling for non-invasive, optical methods. 
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There are different approaches to designing a MFS, like e.g. lab on a chip systems or single micro-
capillaries. The latter is the approach used in this work, too, where a capillary with micro-scale 
diameter is connected to accessory devices. The capillaries itself can withstand pressures up to 
100 MPa and temperatures up to 1000 K when using fused silica as bulk material. Inside the capillary, 
there may be a single-phase or multiphase flow present. A multiphase flow has clearly distinguishable 
segments, or slugs, where discrete fluid volumina of one phase is surrounded by the other, continuous 
phase (see Figure 4). Fluid-wall interaction of the segments may induce secondary flows, enhancing 
the mixing in the segments. Single-phase flows, on the other hand, are mostly in the laminar regime in 
MFS. [20–23] 
 
Figure 4 - Schematic drawing of a segmented multiphase flow in a capillary, where one phase (blue) forms segments 
surrounded by another, continuous phase (red) 
3.3.? Spray break-up 
For better understanding of the spray experiments in this work, in this section the basic knowledge of 
spray break-up at diesel engine conditions is laid out, introducing the relevant technical terms. There 
are four break-up mechanisms described in literature, classified by the Ohnesorge-diagram with the 
injection pressure as the key influence parameter. Diesel injections are known to happen well in the 
atomization regime, where the coherent liquid’s surface breaks up entirely directly at the nozzle exit 
(atomization). The droplets formed by this break-up have a diameter several times smaller than the 
nozzle diameter, and the spray cone angle is directly formed (see Figure 5). Contrary to early research 
work on diesel injection processes, newer experimental investigations indicate that there is no 
coherent liquid core inside the spray even at only few nozzle diameters distance from the nozzle exit, 
but rather a foam-like structure. The mechanisms leading to this atomization are not only aerodynamic 
forces, but also turbulence and cavitation inside the nozzle, as well as the velocity relaxation at the 
nozzle exit. A spray cone is characterized by its cone angle and its penetration depth inside the ambient 
gas. Both values are time-dependent in the initial phase of the injection, and enter a stationary phase 
if the injection lasts long enough. 
 
Figure 5 - Schematic drawing of a spray break up in the atomization regime 
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The entrainment of air into the spray stream is a crucial process for the mixture formation, and may 
according to Riess [24] be a limiting factor to it. Due to the absence of larger, connected liquid domains 
and since both volumetric considerations as well as experimental works have proven that the majority 
of the spray cone consists of ambient fluid (either gas or gas-like supercritical fluid), sprays formed by 
injections at Diesel-engine conditions behave like jets of gas. But even though macroscopically an 
ignitable mixture may already have been formed inside the spray cone, it is necessary to look at the 
microscopic scale: The small droplets of fuel-rich liquid are surrounded by fuel-lean ambient gas, fuel 
and gas are still segregated microscopically. To reach a microscopically homogeneous (in terms of clean 
combustion desirable) mixture, evaporation and/or diffusive mixing have to take place. The 
evaporation process is time-consuming and is widely regarded as the limiting process of mixture 
formation. It may be sped up by formation of smaller droplets (e.g. by means of injector design or 
injection pressure), or by optimization of the ambient parameters pressure and temperature. [24–30] 
3.4. Raman spectroscopy 
3.4.1. Fundamentals 
The interaction of light and matter is the basis of optical measurement techniques, i.e. the 
electromagnetic wave of light interacts with the electromagnetic field of a molecule or a group of 
molecules. There exist several interaction processes between light and matter, which may be sorted 
into three groups: Absorptive processes, absorption/emission processes and scattering processes. In 
processes involving absorption, the energy of the incoming light is absorbed by the molecule, leaving 
the molecule in an excited state. After absorption, a molecule may either relax to the ground state by 
radiationless processes or by emitting a new photon. Either way, the time scale between absorption 
and emission is in the same order or even larger than the characteristic time scale of mutual collision 
between molecules. This means that when exploiting these processes, collisional influences have to be 
taken into account, especially at high pressures. For scattering processes, the case is entirely different: 
During scattering processes, no excited electronic state is ever occupied. Scattering processes happen 
instantaneous, rendering the evaluation of their signals straight forward since no collisions have to be 
taken into account. Figure 6 schematically shows different scattering processes as energy displacement 
between the inbound and the outbound electromagnetic wave. The vibrational level (solid line) before 
the scattering process is marked with “1”, and after the scattering process with “2”. Rotational energy 
levels are not considered in the explanation given here, since they are not addressed in this work. 
There is a transitional energy level shown (dashed line), which is only there for illustration and must 
not be understood as an actual existing energy level of the molecule but a virtual one. It is rather the 
energy present in the molecule during the scattering event, resulting from the combined energy of the 
electromagnetic wave and the local field of the molecule. There are either inelastic or elastic scattering 
processes. In elastic scattering, no energy is transferred between electromagnetic wave and the 
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molecule. This is called Rayleigh scattering, and is shown in Figure 6 on the left. The inbound wave has 
the same energy as the outbound wave, represented by the length of the vertical arrows. Since the 
energy of an electromagnetic wave is directly proportional to the frequency, the frequency and thus 
the wavelength are unaffected by an elastic scattering event. The molecule has the same energy level 
before and after the scattering process. Only the direction of the electromagnetic wave may have 
changed due to the scattering, as is the case for all scattering processes. The scattering process second 
from the left in Figure 6 is an inelastic scattering process, where the molecule after the scattering 
process is left with more energy, i.e. on a higher vibrational energy level. This energy comes from the 
electromagnetic wave, whose energy is reduced by exactly the difference between the two vibrational 
energy levels of the molecule. As a consequence, the wavelength of the outbound wave is red-shifted 
(indicated by the red vertical arrow and outbound wave), this process is called Raman-Stokes 
scattering. The energy transfer can also go in the other direction, shown on the second from right panel 
in Figure 6. Here, the molecule initially occupied a higher vibrational level, and is left with less energy 
after the scattering process.  
 
Figure 6 - Different molecular light scattering processes, vertical axis shows energy. From left to right: Rayleigh scattering, 
Raman-Stokes scattering, Raman-Anti-Stokes scattering, Raman-Stokes scattering with molecular vibration inhibited by 
hydrogen bond. 
The energy corresponding to the energy gap of the occupied vibrational levels before and after the 
scattering is transferred to the electromagnetic wave, blue-shifting it as indicated by the blue arrows. 
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This effect is called Raman-Anti-Stokes scattering. To generate sufficiently exploitable signal for 
measurements, a reasonable number of molecules in the probe volume initially have to occupy a 
desired vibrational level. The population density for the vibrational levels follows a Boltzmann-
distribution scaling with temperature. As a rule of thumb, spontaneous vibrational Raman-Anti-Stokes 
scattering becomes relevant at more than 1000 K, and is thus not applicable in the scope of this work, 
where only the Raman-Stokes effect is exploited. 
Though not a separate molecular light scattering process itself, an additional scattering process is 
shown on the right of Figure 6: Raman-Stokes scattering on a molecule featuring a hydrogen bond. The 
molecule interacting with the electromagnetic wave has developed a hydrogen bond to a nearby 
molecule, which inhibits the molecular vibration of the scattering molecule (compare schematic 
molecules in top section of Figure 6). This causes a shift in the vibrational energy levels, bringing them 
closer together (indicated by the gray area). This smaller energy difference between the vibrational 
states then leads to a lower red-shift of the inelastically scattered light, shown in orange compared to 
the regular Raman-Stokes process in red. Since hydrogen-bonding molecules form rather complex 
networks in liquids, there is no fixed value for this shift, but it strongly depends on the current state of 
the hydrogen-bond network in terms of cluster-size and structural integrity. For a more detailed 
explanation, see sections 3.4.3 and 3.4.4. 
The energy difference between the inbound and the outbound electromagnetic wave for inelastic 
scattering processes equals the energy difference of the molecule before and after the scattering 
process, more precisely for vibrational transitions the energy difference between the occupied 
vibrational energy levels before and after the scattering process. The difference between these energy 
levels depends on molecular properties like mass of the involved atoms, bond length and bond 
strength, and is thus specific for each molecule. In spectroscopy, this difference is referred to as 
“Raman-shift” ?̅?𝑅 and has the unit “wavenumbers” in cm
-1. It is calculated as the energy difference 
between the inbound (“L” for laser) and outbound (“R” for Raman) electromagnetic wave, in case of 
Raman-Stokes according to Eq. 1. 
?̅?𝑅 = (
1
𝜆𝐿
−
1
𝜆𝑅
) ⋅ 10−7 (1) 
In this equation 𝜆𝐿 refers to the wavelength in nm of the excitation laser and 𝜆𝑅 refers to the 
wavelength in nm of the Raman-Stokes scattered signal. The factor is only needed for unit conversion 
to wavenumbers. On a diagram of the signal intensity over the Raman shift, the Raman-signal of the 
stretch vibration of a diatomic molecule like nitrogen would appear as a single line, consider the peak 
highlighted in red in Figure 7. Due to several effects, most importantly the point-spread-function of 
the detection optics, collisional broadening and Doppler broadening, the detected peaks are 
broadened. If the spectral resolution is not sufficient, the whole Q-branch will appear as a single 
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broadened peak. For a different molecular bond like the C-H bond found e.g. in ethanol, the energy 
differences between the vibrational levels are higher due to the different properties of the molecular 
bond. This leads to a larger Raman-shift of the Raman-signal of the C-H stretch vibration signal, see the 
region highlighted in blue in Figure 7.  
The blue region in Figure 7 also shows another effect occurring when detecting vibrational Raman-
signals from more complex molecules: There is more than one peak. The molecular bonds in a molecule 
like ethanol do not vibrate independently from each other, but are affected by the electromagnetic 
field of the molecule and affect one another’s vibration depending on their position within the 
molecule and other molecular bonds attached to the vibrating atoms. This leads to energy transfer 
between the individual vibrations and thus shifts the energy differences between their vibrational 
energy levels. 
 
Figure 7 - Example Raman spectrum of a homogeneous ethanol/nitrogen-mixture at 517 K, 6 MPa. 
Consequentially, it is possible to differentiate between the Raman signals of different molecules either 
by the comparably large differences in Raman-shift by different atomic partners in a bond (e.g. 
between nitrogen and ethanol), and by the smaller differences in Raman-shift of bonds made up by 
identical atomic partners, but in different layout. Raman spectroscopy is thus species-specific. [31–37] 
3.4.2.? Quantifiability of Raman signals 
Raman spectroscopy is not only capable of identifying the components in a mixture, but also of 
quantifying their relative amounts. This can be derived from the equation for the Raman signal 
intensity for the sum of all vibrational Raman-Stokes transitions ?? ?? , see Eq. 2. 
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𝐼𝑃 𝑆⁄ =
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8𝜀0
2𝑐
 𝐸𝐿𝐿𝑖𝑗 𝑁𝑡𝑜𝑡𝑎𝑙  
(
1
𝜆𝐿
− ?̅?𝑅,𝑖𝑗)
4
?̅?𝑅,𝑖𝑗
1
1 − exp (−
ℎ𝑐?̅?𝑅,𝑖𝑗
𝑘𝑇 )
(𝛼𝑥𝑦𝑧,𝑖𝑗
′ )
2
  (2) 
The equation yields the intensity of the Raman signal in W, yet for a real detection setup this intensity 
has to be divided by the opening angle of the detection optics, yielding the intensity per solid angle in 
W/sr. The indices 𝑝 (parallel) and 𝑠 (orthogonal) indicate the orientation of the electromagnetic field’s 
oscillation with respect to an arbitrary oriented plane, usually the plane defined by the excitation and 
detection direction. The contents of Eq. 2 are listed below: 
− The first fraction consists only of constants (highlighted in blue), namely Planck’s constant ℎ, the 
permittivity 𝜀0 and the speed of light 𝑐. 
− Highlighted in red, there follow the Irradiance 𝐸𝐿 of the laser and the local electromagnetic field 
𝐿𝑖𝑗. The latter is a function of the index of refraction, thus depending on temperature, pressure 
and composition, and generally unknown and inaccessible in the processes investigated in this 
work. The subscripts 𝑖𝑗 denote a specific transition between levels 𝑖 and 𝑗. 
− The total number of molecules 𝑁𝑡𝑜𝑡𝑎𝑙 that is to be quantified. 
− The second fraction, highlighted in green, incorporates the wavelength of the excitation laser 𝜆𝐿 
as well as the Raman-shift ?̅?𝑅,𝑖𝑗. The intensity is linked to the excitation frequency (1/𝜆𝐿) by a 
power of four, indicating increased signal when exciting with shorter wavelengths. However, it is 
not advisable to conduct Raman spectroscopy with the shortest wavelength available: If the energy 
of a photon exceeds the transition energy of two electronic levels of a molecule, fluorescence may 
be induced and the resulting signal may interfere with the Raman signal. Raman spectroscopy is 
consequently mostly done with excitation in the visible region (up to near-infrared), trading off 
fluorescence probability against sufficient signal intensity. 
− The third fraction consists (among items already mentioned) of the Boltzmann constant 𝑘 and the 
temperature 𝑇 in orange. According to literature, this fraction can be set to zero at mild conditions 
up to 1000 K for the species analyzed here. [35] 
− The last item is the derived polarizability tensor 𝛼𝑥𝑦𝑧,𝑖𝑗
′  in violet. The intensity of the Raman signal 
is dependent on the polarization of the excitation and the direction of the detection. 
Considering the complexity of the equation and the potential inaccessibility of some of the influencing 
factors, the calculation of real molar concentration in terms of moles per volume is complicated and 
often impossible. Raman spectroscopy is rather suited for the determination of molar ratios of 
substances by calculating the ratio of Raman signal intensities from a spectrum. To this end, a spectrum 
from a mixture of e.g. two components is measured in a single measuring event, thus using the same 
laser, detection optics and measurement parameters. The equation of the intensity ratio is given in Eq. 
3, with subscripts 𝑎 and 𝑏 for the respective components (subscripts 𝑖𝑗 and 𝑝𝑠 are omitted): 
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𝑅𝑎/𝑏 =
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𝐼𝑏
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The constants from Eq. 2 cancel out, as well as the items that are identical for the Raman signal from 
both components like the irradiance and, when measuring in a single fluid phase, the local field. The 
remaining items (shown in Eq. 3) do not cancel, yet apart from 𝑁 they are irrespective of the amount 
present in the sample. They can be consolidated into a constant 𝐾, which also comprises the detection 
system efficiency constant 𝑘. And since the ratio of the component’s constants is a constant, too, the 
ratio of the Raman signal intensities of the components from a single spectrum of the mixture is equal 
to the ratio of the molar ratio times a single constant 𝐾𝑎/𝑏. This constant can be obtained by calibration 
measurements, and is applicable only to measurements performed with the same setup. Also, special 
care has to be taken when performing measurements far outside the pressure and temperature regime 
of the calibration measurements. Evaluation of spectra and the possible challenges are explained in 
detail in the corresponding results sections of this work. [33,35–38] 
3.4.3. Liquid fraction determination 
Raman spectroscopy is not only expedient for mixture composition determination, by evaluation of 
certain spectral band morphologies conclusion about the state of phase can be drawn. In this work, 
specifically the Raman signal from the hydroxyl group of ethanol is exploited, referred to as the Raman 
OH-band. Chemicals capable of developing hydrogen bonds, like ethanol, express the structural extend 
of their hydrogen bond network in the Raman spectrum. If no hydrogen bonds are attached to a 
hydroxyl group, as is mostly the case in the vapor phase, the Raman signal of the OH stretch vibration 
is a single, sharp peak. For ethanol, this peak is located at around 3680 cm-1, shown in Figure 8 in red. 
In the liquid phase, hydrogen bonds are developed and vibrational energy is transferred from the 
hydroxyl group’s vibration to its attached hydrogen bonds. This energy transfer shifts the Raman signal 
from a specific hydroxyl group’s vibration towards smaller Raman shifts. Since in experimental setups 
signal from many molecules within the beam waist of the excitation laser is collected, the acquired 
Raman signal is the sum of broadly distributed signals from hydroxyl groups in different states of 
hydrogen bonding. The result is the broad Raman OH-band of liquid ethanol between 3200 cm-1 and 
3700 cm-1 seen in Figure 8 in blue. The two very different Raman signals allow for discrimination 
between vapor and liquid phase.If within the measurement volume clusters of molecules in the liquid 
phase are surrounded by vapor of the same chemical, as is the case in spray measurements, the signals 
from the vapor phase and from the liquid phase superimpose. The result from such measurements in 
the two-phase regime is illustrated by the black envelope in Figure 8. This superimposed signal, that 
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resembles the signal usually acquired in two-phase measurements, can be separated into the 
respective contributions from vapor and liquid phase, and thus renders the liquid fraction 
determination in sprays possible. [35,39–41] 
 
Figure 8 - Example spectrum of the Raman OH-band of ethanol. Spectrum of liquid ethanol at 403 K in blue, gaseous ethanol 
in red and the superimposed envelope in black. 
3.4.4.? Raman thermometry 
Beyond liquid fraction determination, the Raman OH-band can be used to determine the temperature 
of liquid ethanol. The hydrogen bond network’s integrity is highly temperature sensitive. With 
increasing temperature, the molecular motion is increased and thus the extent of the hydrogen bond 
network decreased. This results in statistically smaller shifts of the Raman signal of hydroxyl groups 
towards smaller Raman shifts. Figuratively speaking, the Raman OH-band shifts weight towards higher 
Raman shifts with increasing temperature, as seen in Figure 9. 
 
Figure 9 - Spectrum of the Raman OH-band of liquid ethanol at 363 K (blue) and at 463 K (red). 
Different methods to evaluate this effect of temperature on the Raman OH-band have been reported 
and put to use in literature, all aiming to obtain a single value correlated with temperature from a 
spectrum. The methods rely solely on the Raman OH-band from the liquid phase, and consequently 
3200 3300 3400 3500 3600 3700
N
or
m
al
iz
ed
 s
ig
na
l i
nt
en
si
ty
 /
 -
Raman shift / cm-1
superimposed
gaseous EtOH
liquid EtOH (403 K)
3100 3200 3300 3400 3500 3600 3700
N
or
m
al
iz
ed
 s
ig
na
l i
nt
en
si
ty
 /
 -
Raman shift / cm-1
EtOH 363 K EtOH 463 K
18 Application-oriented fundamentals 
allow for the determination of the liquid phase temperature even if said liquid structure is surrounded 
by an ambient gas of different temperature during the measurement. [35,40–44] 
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4.?Vapor-Liquid-Equilibra – Experimental setup 
 
This section introduces the experimental capillary setup used to perform measurements on VLE and 
Raman thermometry. A general overview of the setup is given in the first section, followed by a 
detailed description of the heating system and the Raman sensor. After that, the light guard technique 
is described and then an overview of the used materials and the conducted experiments is given. 
Sections 4 and 5 are based on two publications by the author, [45,46]. 
4.1.? Overview and auxiliary equipment 
The VLE apparatus composed of the capillary running through the heating system, the Raman sensor 
and the light guard components, and auxiliary systems comprising high pressure syringe pumps, 
nitrogen bottle, flow controller and a computer, is shown in Figure 10. The nitrogen bottle is connected 
to a pressure transducer by a steel capillary to achieve a constant pressure drop over the following 
mass flow controller of 1 MPa. By means of the mass flow controller (MFC, Bronkhorst, ????? = 15 mln), 
a defined continuous mass flow of nitrogen is fed into the system. From a high precision, high pressure 
syringe pump (Teledyne ISCO 260D, ± 0.02 MPa, pmax = 50 MPa), liquids (water, ethanol or decane in 
this work) can be fed at defined flow rates into a steel capillary. The steel capillaries from the MFC and 
the pump run into a T-junction, to which a fused silica capillary with an inner diameter of 300 μm and 
an outer diameter of 800 μm is attached. Both gas and liquid flow are fed independently from each 
other, thus after mixing in the T-junction global mixture compositions ranging from e.g. pure ethanol 
to pure nitrogen can be set for the flow inside the fused silica capillary. 
20 Vapor-Liquid-Equilibra – Experimental setup 
 
Figure 10 - Schematic overview of the setup for the measurement of VLE data from fuel/nitrogen-mixtures at elevated 
temperatures and pressures. 
According to the temperature, pressure and global mixture composition, there develops either a single 
phase or two-phase flow. The latter is characterized by alternating vapor and liquid phase segments 
with a harmonic length distribution in a stationary flow, seen in Figure 11. The capillary is embedded 
into a heated steel block, where the fluid inside the fused silica capillary adopts the temperature of 
the steel block. Between the vapor and the liquid segments, thermodynamic equilibrium establishes 
depending on the set pressure and temperature. This equilibration of the two-phase mixture takes 
place rapidly, since the involved heat and mass transfer processes have to overcome only short 
characteristic path lengths due to the special geometry of the microcapillary setup: The segments 
typically have a length of 2 mm and their radius is confined by the inner diameter of the capillary of 
300 μm, resulting in large interfaces between the alternating segments relative to their volume. 
Furthermore, the capillary features a large surface compared to the volume contained within. 
 
Figure 11 - Close-up of the capillary with segmented flow inside. 
After passing the heated steel block, the fused silica capillary is connected to a steel capillary leading 
to a second high precision, high pressure syringe pump running reverse, taking up the fluid flow. The 
pressure inside the system can be controlled by adjusting the reverse flow rate of the second pump. If 
the reverse flow rate of the second pump matches the combined flow rate of the feed side, a fluid flow 
at absolutely pulsation free conditions is achieved. 
Vapor-Liquid-Equilibra – Experimental setup 21 
4.2. Heating system
The microcapillary is embedded into a steel block over a length of 300 mm. A schematic drawing of the 
steel block surrounded by a ceramic insulation is shown in Figure 12. The block is heated by four 
heating cartridges (315 W heating power each) set into the block parallel on both sides of the capillary. 
Six type K thermocouples are evenly distributed 5 cm apart alongside the block, with their tips directly 
below the fused silica capillary. The heating cartridges and the thermocouples second from either end 
are connected to a Eurotherm 3200 controller, and temperatures up to Tmax = 700 K can be achieved 
with an accuracy of 0.2 K. Furthermore, all thermocouple values are read out by the computer and 
allow for temporal and spatial temperature monitoring. The spatial temperature information is 
important to ensure an even temperature distribution, which can be controlled by the heating system 
being designed as two independent heating systems, one on the upstream and one on the downstream 
side of the heated steel block. The temporal temperature readings give information on whether the 
heating has reached a stationary temperature. For the usual temperature steps of 10 K taken in the 
experiments in this work, this takes less than 5 min. 
 
Figure 12 - Section of a rendering of the heating block with insulation, showing one of the four heating cartridges, several 
thermocouple positions and the five access holes. 
Between the thermocouples, there are five bi-conical access holes drilled into the heated steel block. 
They, too, are arranged in 5 cm steps and offer optical access to a 1 mm long part of the capillary. 
Generally, measurements throughout this work are conducted at access hole number 5, the one 
furthest downstream, unless stated otherwise. 
4.3.? Raman probe 
The Raman probe (shown in Figure 13) for the VLE measurements is a 1”-tube system based on 
Thorlabs components, built in backscattering configuration. A continuous wave laser with a 
wavelength of 532 nm (Cobolt Samba), delivering 150 mW in the focal spot, is connected to the laser 
coupling by an optical fiber with 100 μm diameter. From there, the excitation beam (shown in green 
in Figure 13) diverges and is collimated by a collimating lens, followed by a short pass filter with 535 nm 
cut-off wavelength to reject signals stimulated in the fiber. A dichroic mirror with a cut-on wavelength 
of 535 nm reflects the excitation beam towards the focusing and detection lens with a focal length of 
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30 mm. This achromatic lens generates a beam waist in the focal spot, which is aligned within the 
microcapillary, and simultaneously collects and collimates the light originating from this spot. Most of 
this light is elastically scattered light with identical wavelength as the excitation beam, yet a small 
portion features a longer wavelength due to Raman-scattering and fluorescence effects. The collected 
signal beam is split up at the dichroic mirror, where the elastically scattered light is reflected, and the 
red-shifted portions are transmitted (shown in orange in Figure 13). A long pass filter with a cut-on 
wavelength of 540 nm is placed in the signal path after the dichroic mirror, cleaning the signal beam 
of any remaining portions of elastically scattered light, and the signal lens focusses the signal beam 
onto a fiber coupling leading away from the Raman probe. 
 
Figure 13 - Section of a rendering of the Raman probe, with excitation laser pathway in green and signal pathway in orange. 
4.4.? Light guard technique 
The light guard technique comprises a photodiode connected to an oscilloscope, whose trigger output 
is connected to a fiber switch (piezosystem jena). The fiber input of the fiber switch is connected to 
the Raman probe, and the two outputs are one signal dump and one connected to the spectrometer 
(Ocean Optics QEPro). The photodiode is placed beneath the access hole of the heated steel block with 
the Raman probe over it. It is not aligned directly in the center of the transmitted beam, but shifted 
slightly orthogonally to the flow direction. Together with an intentional misalignment of the beam 
waist with respect to the microcapillary of a few micrometers, this allows for better discrimination 
between vapor phase and liquid phase transmission: Since the index of refraction of the fluid phases 
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differs, the beam is deflected differently depending on whether a vapor phase or a liquid phase slug 
passes the beam waist, resulting in alternating light intensities on the photodiode (see front view in 
Figure 14). This can be visualized on the oscilloscope, as shown schematically in Figure 14. In this figure, 
the signal level on the photodiode is linked to the situation in the microcapillary shown in the top 
section of the figure. By setting an adequate trigger level located between the minimum and the 
maximum signal, it is possible to trigger the detection system in a phase-sensitive manner. If only signal 
from e.g. the vapor phase shall be detected, the trigger is set on the downward slope, sending a trigger 
signal every time the phase boundary between a liquid phase segment and a following vapor phase 
segment passes the beam waist. 
 
Figure 14 - Principle of the light guard technique, schematic drawing of the capillary flow on top, intensity measured by the 
photo-detector over time seen in front view on bottom. A minimal, deliberate misalignment results in deflection of the laser 
during vapor phase. 
Since the phase boundary has a distinct curvature, and the fluid segments have a certain, rather small 
length, it is important to not start Raman signal detection with the first indication of the phase 
boundary by the signal level as well as to stop detection before the desired fluid segment ends. 
Otherwise, Raman signal originating from the phase boundary or even the following fluid segment is 
collected, too, and tampers with the results. To this end, a delay generator receives the trigger signal 
from the oscilloscope and adds a delay compensating the passing of the phase boundary (shown in 
grey in Figure 14). Furthermore, the delay generator sets the length of the trigger signal (the signal 
integration time) in a way so it ends before the arrival of the next phase boundary in the measurement 
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point as read from the oscilloscope. For this approach to work, a harmonic pattern of fluid segments 
and a stationary flow are crucial. Oscillating feed pumps or pressure control units based on bouncing 
needles would cause a pulsating flow. This would on the one hand cause density fluctuations 
preventing the liquid and vapor phase segments from reaching thermodynamic equilibrium, and a non-
stationary flow massively decreasing the reliability of the photo-electric guard technique. [47] 
The trigger signal is now received by the fiber switch (see Figure 10 for schematic overview), which 
passes optical signals from the Raman probe to the spectrometer as long as the trigger signal is present. 
Otherwise, the optical signal from the Raman probe is passed to a signal dump. The spectrometer itself 
accumulates light for 4 s regardless of the state of the fiber switch. Raman signal of the desired phase 
is passed to the spectrometer with frequencies typically between 3 and 6 Hz, and a signal integration 
time of each trigger event of 60 to 20 ms, respectively. Considering the highest frequency of 6 Hz, 
resulting in the lowest signal integration time of 20 ms, and the 4 s accumulation of the spectrometer, 
a single Raman spectrum from these measurements is detected over about 0.48 s. This is long enough 
to detect signal with sufficient signal-to-noise ratio (SNR) with this setup. For each operational 
condition, 32 Raman spectra are recorded. 
4.5. Materials and Experiments 
The chemicals used in the VLE experiments are listed in Table 1 together with their respective critical 
values. The fused silica capillary withstands combined temperature and pressure stress of 700 K and 
25 MPa. The internal diameter of the capillary is 300 µm, the external diameter is 800 µm. The capillary 
is surrounded by a polymer coating to enhance flexibility, this coating is not translucent and for this 
reason carefully removed with a blowtorch at the points of measurement. The connection of the fused 
silica capillary to the setup’s components made of stainless steel is realized by attaching polymer 
sleeves and Swagelok fittings. The connectors are well separated from the heated parts and thus only 
have to withstand the pressure stress. 
Table 1 - Chemicals used in this work 
Chemical Supplier Purity pc Tc 
Ethanol Merck Millipore > 99.9% 6.14 MPa 514 K 
Decane Alfa Aesar > 99% 2.11 MPa 618 K 
Nitrogen Praxair > 99.99% 3.39 MPa 126 K 
 
The experiments conducted to obtain VLE data are listed in Table 2 with their respective temperature 
intervals, measurements were typically carried out in 10 K steps throughout this range. The Raman 
thermometry experiments are listed in Table 3, the raw data for the saturated liquid ethanol/nitrogen 
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mixture are taken from the liquid phase data of the VLE measurements for the ethanol/nitrogen 
system. 
Table 2 - Operational conditions for VLE experiments 
Ethanol/nitrogen Decane/nitrogen 
Pressure Temperature range Pressure Temperature range 
3 MPa 295 K – 453 K 3 MPa 297 K – 571 K 
5 MPa 295 K – 478 K 3.6 MPa 296 K – 591 K 
6 MPa 296 K – 483 K 6 MPa 294 K – 581 K 
6.5 MPa 295 K – 483 K   
8 MPa 295 K – 493 K   
 
Table 3 - Operational conditions for Raman thermometry 
Water Ethanol Ethanol/nitrogen 
Pressure 
Temperature 
range 
Pressure 
Temperature 
range 
Pressure 
Temperature 
range 
0.5 MPa 295 K – 413 K 3 MPa 296 K – 463 K 3 MPa 296 K – 443 K 
5 MPa 303 K – 532 K 5 MPa 296 K – 492 K 5 MPa 295 K – 473 K 
10 MPa 294 K – 571 K 6 MPa 296 K – 502 K 6 MPa 295 K – 483 K 
15 MPa 294 K – 603 K 6.5 MPa 295 K – 502 K 6.5 MPa 296 K – 483 K 
20 MPa 296 K – 602 K 8 MPa 296 K – 541 K 8 MPa 295 K – 493 K 
22.5 MPa 294 K – 623 K     
25 MPa 295 K – 642 K     
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5. Vapor-Liquid-Equilibria – Results and discussion 
This section contains the results and discussion of the VLE and Raman thermometry measurements. In 
the first subsection, the general data processing procedure is described. There follow the calibration 
results and the liquid film correction procedure. Then the results for the ethanol/nitrogen mixtures 
and the decane/nitrogen mixtures are shown. The last section covers the Raman thermometry results. 
Measurements of VLE data as well as thermometry measurements were carried out at the last, i.e. the 
most downstream, measurement position of the heated steel block (access hole 5 in Figure 12), aiming 
for the maximum obtainable residence and thus equilibration time at the set flow conditions. To assure 
thermodynamic equilibrium between the liquid and the vapor phase segments, or stationary 
temperature in case of Raman thermometry, measurements of VLE and temperature were carried out 
at few example conditions at a measurement position further upstream (access hole 4 in Figure 12), 
where the residence time of the investigated fluids was shorter. Within the scatter of the VLE data, 
and within the uncertainty of the temperature determination, the same data as measured from access 
hole 5 were received. This means that thermodynamic equilibrium is reached at access holes four and 
five. 
5.1. Data evaluation 
In a first step, the 32 spectra acquired at each operational condition are averaged. After that, the 
averaged spectrum is baseline corrected by a cubic spline interpolation with fix intensity sampling 
points at Raman shifts where no Raman signal is expected from the components present in the 
mixture. The locations of these sampling points depend on components, and are different for liquid or 
vapor phase of the ethanol/nitrogen mixture to compensate for the different Raman OH-band. For 
Raman spectra from liquid ethanol, the liquid fit correction described in section 5.3 is applied. The 
spectra yielded by this sequence of procedures resemble the example spectrum given in Figure 15. 
To obtain mixture composition data from the spectra, the signal intensities corresponding to the 
mixture’s components have to be calculated to employ them in the equation given in Figure 15 to 
calculate the mixture composition. The Raman signal intensity 𝐼𝑁2 attributed to the presence of 
nitrogen in the mixture is calculated as the integral of the Raman signal 𝑆𝑁2 of the nitrogen stretch 
vibration between 2300 cm-1 and 2331 cm-1. Integration over the Raman signal of hydrocarbons 𝑆𝐶𝐻 in 
the region of the C-H stretch vibration between 2600 cm-1 and 3114 cm-1 yields the Raman signal 
intensity of fuel 𝐼𝐶𝐻 = 𝐼𝑓𝑢𝑒𝑙. The regions for the respective mixture components are highlighted in red 
for nitrogen and blue for fuels in Figure 15. The regions of the Raman OH-band are also given, they are 
of importance for the liquid film correction. To calculate the molar ratio from the intensities, further 
the calibration factor k is needed. 
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Figure 15 - Example spectrum of homogeneous fuel/nitrogen mixture at 517 K, 6 MPa. Boundaries for signal integration and 
equation are shown. 
5.2. Calibration 
To obtain the calibration factor k, measurements of Raman spectra at known mixture compositions in 
homogeneous fluid are needed. These measurements are performed after every set of measurements, 
i.e. at the terminal temperature after the VLE measurements of each pressure, since at these 
conditions the mixture is either gaseous or supercritical and thus in single phase over the whole range 
of mixture compositions. Molar fractions of fuel of 0.1 to 0.9 are set in 0.1 steps, and the Raman signal 
intensity ratios 𝐼𝑓𝑢𝑒𝑙/𝐼𝑁2 are calculated according to Figure 15. By plotting them in a diagram against 
the set molar ratios 𝑛𝑓𝑢𝑒𝑙/𝑛𝑁2 as seen in Figure 16 and fitting a linear equation to the data points, the 
calibration factor k is gained as the slope of the linear equation for each fuel. The standard deviations 
given result from 32 measurements per calibration point and are incorporated in the VLE data shown 
hereafter. 
To better estimate the standard deviation and reliability of the calibration measurements, Figure 17 
shows the calibration results as measured molar fraction over set molar fraction for both mixtures on 
the left, including the standard deviations. The residuals between set molar fraction and measured 
molar fraction is shown on the right in Figure 17. 
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Figure 16 - Calibration data showing how the signal intensity ratios are linked to the molar ratios of fuel and nitrogen. 
Calibration factor k is gained from linear fits. 
  
Figure 17 - Calibration results as measured molar fraction fuel over set molar fraction fuel on left, residuals between set and 
measured value on right. 
5.3. Liquid film correction 
The shape of the vapor phase slugs poses a major challenge when assessing the mixture composition 
by Raman spectroscopy. While the liquid phase covers the entire cross section of the capillary, there 
remains a thin liquid film around the vapor phase slugs. This is schematically shown on the left side in 
Figure 18. When measuring the composition of the liquid phase (situation a), the Raman signals truly 
emerge only from the liquid phase. Raman signals obtained during measurements in the vapor phase, 
on the other hand, also contain signal from the liquid film (situation b). Since the density of the liquid 
is much higher compared to the vapor phase density, already a very thin film will cause a significant 
cross-talk in the acquired vapor phase Raman spectrum. This will, as is shown in the T-x diagram on 
the right side of Figure 18 as subimage c, a shift of the measured vapor phase composition towards 
the liquid phase composition. The layout of the heated steel block does not allow access for imaging 
in the measurement position, and from Figure 11 it can be seen that the liquid film is too thin to be 
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resolved in an image. Thus no estimation about its thickness can be made, and evidence for its 
existence is only in the acquired spectra. 
 
Figure 18 - Sketches of liquid and vapor phase segments that pass through the measurement volume (laser beam waist) at 
the time when the Raman spectrum is detected. 
The cross-talk can be corrected for in a straight-forward manner for the binary system 
ethanol/nitrogen. Based on the different appearance of the Raman OH-band of liquid ethanol 
(featuring a broad band OH-signal) and ethanol vapor (featuring only a sharp, distinct peak) as shown 
in Figure 8, a distinction between signals emerging from the liquid film or the vapor phase is possible. 
Figure 19 shows an uncorrected vapor phase spectrum as solid black line, containing cross-talk signal 
from the liquid film. The inset in this figure enlarges the Raman OH-band region between 3100 cm-1 
and 3800 cm-1. In the original spectrum, both Raman signals attributed to liquid ethanol (broad band 
centered around 3350 cm-1) and Raman signals attributed to vapor phase ethanol (peak at 3650 cm-1) 
can be seen. The solid blue spectrum shows the Raman spectrum acquired from the liquid phase 
segments in thermodynamic equilibrium with the vapor phase segments inside the capillary at the 
same temperature and pressure, acquired directly before the acquisition of the vapor phase spectrum. 
This unimpaired liquid phase spectrum is then fitted to the original vapor phase spectrum in the Raman 
shift region from 3114 cm-1 to 3526 cm-1, i.e. to the liquid phase Raman OH-band. Pure vapor phase 
mixtures of ethanol and nitrogen do not feature any signal within this region. The whole liquid phase 
spectrum is fitted in terms of intensity, and thus represents the liquid phase contribution of the liquid 
film to the real vapor phase spectrum. The real vapor phase spectrum (red) is then obtained simply by 
subtracting the fitted liquid phase spectrum (blue) from the original vapor phase spectrum (black). 
Evaluation of this corrected spectrum yields the correct composition of the vapor phase. 
The described approach for liquid film correction is only applicable to chemicals whose Raman spectra 
feature significant differences in the vapor and the liquid phase, such as water, alcohols or ammonia. 
For the mentioned chemicals, the difference in the Raman spectra of liquid and vapor phase stems 
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from the hydrogen bonds that develop with much larger probability in the liquid phase. The error on 
the measured mixture composition imposed by the liquid film may in some cases exceed 10 mol%, but 
since the liquid signal subtraction is based solely on the liquid phase signal, a complete correction of 
the cross-talk is possible. 
 
Figure 19 - Liquid film correction for vapor phase slugs, inset shows the region where ethanol is sensitive to fluid phase. Signal 
intensity axes adjusted independently to enhance visibility of features. 
5.4. Results ethanol/nitrogen 
In the subfigures of Figure 20, the measured VLE data points for the system ethanol/nitrogen are 
shown at different pressures, compared against the RefProp KW0 Kunz and Wagner model (dashed 
black line) for hydrocarbon/nitrogen mixtures [48]. At the bottom right within Figure 20 it is shown 
that for pressures of 5 MPa and less, the model and the experimental measurements of liquid phase 
mixtures are in very good agreement. At larger pressures, the model overpredicts the nitrogen content 
in the liquid phase compared to our measurements. Especially at higher temperatures, the model 
predicts less ethanol in the vapor phase compared to the measurements. Data points closer to the 
boiling point / mixture critical point were not measureable, because at these conditions the needed 
stationary flow with harmonic segment pattern in the microcapillary was not achievable any more. In 
the lower right subfigure of Figure 20, the region of the boiling point curve is enlarged, and double 
retrograde condensation behavior becomes visible.  
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Figure 20 - Temperature-composition diagrams for the binary system ethanol/nitrogen for pressures between 3 and 8 MPa 
and for temperatures below the mixture critical temperature. 
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The given standard deviations arise from either 32 measurements per data point, or from the 
uncertainty of the calibration, whichever value is higher. Regarding possible effects of the curvature of 
the slug surface on the vapor pressure, known as Kelvin-effect, a calculation of these shows that with 
a radius of well over 100 µm the influence of the curved surface is more than an order of magnitude 
smaller than our standard deviations, and thus neglected in the course of this work. A table of the 
experimental data points can be found in the supplementary of the open access publication by Klima 
et al. [45]. 
5.5. Results decane/nitrogen 
For the system decane/nitrogen, measurements similar to those of the ethanol/nitrogen system were 
conducted. The results of these measurements are given in Figure 21. There are literature data taken 
from Sanchez et al. [49] given for comparison, and temperature/composition data were calculated 
using the same Kunz and Wagner model as used for the ethanol/nitrogen system. For the 
decane/nitrogen dew point line, a significant deviation of our data from the literature and model 
towards higher fuel fraction at constant pressure and temperature becomes apparent, arising from 
the fact that decane forms a liquid film around the vapor phase slug inside the capillary, adding a cross 
talk liquid phase signal to our desired vapor phase Raman signal. Unfortunately, the Raman spectra of 
decane in its liquid and vapor form are almost identical, and thus a liquid film correction as applied to 
the spectra from the ethanol/nitrogen system is impossible here. The boiling point curve from the 
model agrees very well with the experimental data points, as can be seen in the subfigure in the lower 
right of Figure 21. The given standard deviations arise from either 32 measurements per data point, or 
from the uncertainty of the calibration, whichever value is higher. A table of the experimental data 
points can be found in the supplementary of the open access publication by Klima et al. [45]. 
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Figure 21 - Temperature-composition diagrams for the binary system decane/nitrogen for pressures between 3 and 6 MPa 
and for temperatures below the mixture critical temperature. 
5.6. Raman thermometry 
Measurements on the temperature determination in liquids (Raman thermometry) were carried out 
in the VLE setup for ethanol, water and mixtures of ethanol saturated with nitrogen. A comparison of 
different evaluation techniques for the Raman OH-band as well as the results for water can be found 
in [41]. The evaluation method of choice represented in this work is the integrated absolute difference 
(IADS) method due to its superior performance in mixtures, which is of importance for the spray 
experiments described later in this work. 
The IADS method evaluates the area normalized Raman OH-band with respect to an area normalized 
reference Raman OH-band spectrum taken at well-known conditions. Figure 22 shows an example 
Raman OH-band spectrum of pure ethanol at 463 K in red, and a reference at 363 K in blue. By 
computing the absolute difference between the reference spectrum and the current measured 
spectrum, the grey shaded difference spectrum is generated. Since the Raman OH-band’s shape 
depends on temperature, the difference spectrum depends on temperature, too. At only small 
temperature difference between the reference and the measured spectrum, the integral of the 
absolute difference spectrum is also small. At high temperature differences, and consequently large 
changes in the Raman OH-band, the integral of the absolute difference spectrum becomes large, too. 
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Figure 22 - Reference spectrum of the Raman OH-band of ethanol at 363 K (blue) and spectrum of the Raman OH-band at 463 
K (red). Absolute difference spectrum for the IADS method in grey. 
The set system temperature 𝑇𝑠𝑦𝑠 during acquisition of spectra from liquid ethanol or the liquid phase 
of ethanol/nitrogen mixtures during VLE measurements can be plotted over the integrated absolute 
difference (IAD) of the spectra, see top section of Figure 23. The respective reference spectra for the 
two systems are the spectra from their lowest measured temperature. In principle, any spectrum could 
serve as reference spectrum, but the IADS method does not provide information on the sign of the 
difference. If measured spectra acquired at temperatures below and above the temperature of the 
reference spectrum were evaluated, their IAD value would only indicate an absolute temperature 
difference to the reference. It is thus important to choose the reference spectrum with care. 
By fitting mathematical functions to the acquired data points, it is then possible to experimentally 
determine temperatures of liquids by evaluating their spectra and calculating the measured 
temperature 𝑇𝑐𝑎𝑙𝑐 with their IAD value and the fit function. The R²-values of well over 0.999 indicate 
very good agreement between of the fit equations and the experimental data. Even though in 
literature, often a linear correlation between temperature and IAD is reported, it appears that only a 
second order polynomial function describes the curves with sufficient accuracy. Most reports in 
literature only cover comparably small temperature intervals, for which a linear correlation might 
seem sufficient, but for measurements carried out over the whole possible liquid temperature interval 
from room temperature to respective boiling point or critical point, second order polynomial functions 
become necessary. According to the bottom part of Figure 23, showing the residuals of calculated 
temperature using the IADS method 𝑇𝑐𝑎𝑙𝑐 and the known system temperature 𝑇𝑠𝑦𝑠, a precision of 
better than 5 K over the whole temperature interval can be reached for both systems, pure ethanol 
and ethanol/nitrogen. 
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Figure 23 - Top: Set system temperature ???? as a function of integrated absolute difference (IAD) for pure ethanol and ethanol 
saturated with nitrogen. Bottom: Difference of calculated temperature ????? from set system temperature ????, when ????? is 
computed according to the fit equations given in the top section of this figure. 
The difference between the results for pure ethanol and the ethanol/nitrogen mixture appear to be 
small. This stems from an inherent correction mechanism of this method: The impact of dissolved 
nitrogen on the Raman OH-band in the case of the ethanol/nitrogen system is already accounted for 
by applying a reference spectrum from ethanol saturated with nitrogen. Furthermore, the solubility of 
nitrogen in liquid ethanol is rather small (less than 4 mol% for all temperatures and pressures 
analyzed), and a dissolved nitrogen molecule causes only minor disturbances to the hydrogen bond 
network represented in the Raman OH-band. The fact that for each system and each pressure a specific 
reference spectrum is chosen also cancels out any effects of pressure on the resulting fit equations 
and thus the temperature determination. 
The mean absolute deviation ????? of the calculated temperature ????? and the set system 
temperature ???? as well as the respective standard deviations for the systems ethanol and 
ethanol/nitrogen are given in Table 4. The table also features the relative thermal sensitivity ?? defined 
as  
?? ?
?????
?
? ???? (4) 
where ? is the signal value IAD. 
EtOH: Tcalc = -20.446?IAD2 + 
181.73?IAD + 293.34
R² = 0.9997
EtOH-N2: Tcalc = -21.738?IAD2 +
181.82?IAD + 296.93
R² = 0.9996
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Table 4 - Mean temperature deviations and relative thermal sensitivies 
 𝑇𝑑𝑖𝑓𝑓 𝑆𝑇𝐷 𝑇𝑑𝑖𝑓𝑓 𝑆𝑟 
Ethanol 0.10 K 1.15 K 0.841% K-1 
Ethanol/nitrogen 1.03 K 1.14 K 0.801% K-1 
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6.?Sprays – Experimental Setup 
This section covers the experimental setup for the Raman measurements in sprays. In the first 
subsection, the injection and combustion chamber and its auxiliary equipment is described, with a 
general explanation of the injection process. Up next follows the description of the novel calibration 
setup for the Raman measurements of the mixture composition, which is placed directly in the 
chamber. Then, an overview of the optical excitation and detection system for the spatially resolved 
Raman measurements is given, with an explanation of the scanning process and the impact of the 
layout on the acquired data. In the last subsection, the investigated conditions and other parameters 
are listed. Sections 6 and 7 are also based on the open access publications by the author. [46, 53] 
6.1.? Overview and auxiliary equipment 
The center of the spray setup is the high temperature, high pressure injection and combustion 
chamber shown in a sectional drawing in Figure 24. Through the four upper inlets (three shown in the 
figure) the chamber is permanently scavenged with heated nitrogen, while the outflow leaves the 
chamber through the four lower outlets. In order to maintain a stationary temperature within the 
chamber, the heating power is regulated to keep the inflow temperature slightly above the desired 
ambient temperature ?? inside the chamber of up to 1000 K, compensating for heat losses through 
the (also heated) chamber walls. The nitrogen is extracted from atmospheric air with a purity of 98 – 
99%, a set of compressors and valves allows for ambient pressures ?? inside the chamber of up to 
10 MPa. 
The chamber has five windows for optical access (four on the sides and one on the top), in the bottom 
the injector is mounted. This injector is an industrial grade diesel injector with specialized tip featuring 
three nozzle holes to allow for optical access to a single, isolated spray cone. The three nozzle holes 
are set 120° apart, and fuel is injected under 45° elevation angle. The nozzle tip is attached to a 
circulation pump for temperature control of the nozzle tip and thus the temperature of the fuel prior 
to injection ?? between 273 K and 373 K. The injector is connected to a common rail system providing 
injection pressures ??  of up to 250 MPa. The fuel is injected in liquid state under all injector parameters. 
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To ensure the injection events are unaffected by prior injections, the injection repetition rate was set 
to 1 Hz. The injection events, the laser pulse and the image acquisition are all timed together, allowing 
for scanning of a temporal interval between 0 μs and several milliseconds time after visible start of 
injection (???????. Further details on the injection and combustion chamber can be found in [50]. 
 
Figure 24 - Section of the high temperature high pressure injection and combustion chamber with three spray cones in the 
center. The excitation and signal collection is indicated in green and orange. 
6.2.? Calibration setup 
To calibrate the Raman spectroscopic setup for mixture composition measurements, it is necessary to 
generate homogeneous mixtures of known composition within the measurement volume. In the case 
of the continuously scavenged injection and combustion chamber, this poses a major challenge. With 
a high precision, high pressure syringe pump as used in the VLE setup, liquid fuel in known amounts 
are mixed with a controlled nitrogen flow via a mass flow controller fed by a bypass from the chamber’s 
nitrogen feed flow, mixtures of ethanol and nitrogen at known composition are generated (see Figure 
25). The mixtures enter the chamber through a steel capillary and a specially manufactured baseplate 
replacing the injector during the calibration measurements. A subsequent coil of steel capillary 
prolongs the fluids residence time inside the chamber before entering a specially manufactured glass 
cell, so the fluid can adapt the ambient temperature ??. The glass cell is filled with the single-phase 
mixture of known composition at ?? and ??, the continuous flow leaves the glass cell through the 
exhaust on top to maintain stationary pressure. The same Raman spectroscopic setup used later for 
the spray measurements is then used to acquire spectra of known mixture composition inside the glass 
cell inside the chamber at high pressures and temperatures. In order to exclude stratification within 
the glass cell, Schlieren measurements were performed and indicated homogeneous behavior. 
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Figure 25 - Glass cell for calibration measurements inside the chamber with attached peripheral components: A nitrogen feed 
system with mass flow controller and a high pressure high precision syringe pump. 
6.3.? Spray excitation and detection 
When performing measurements in transient states like spray injection processes, temporal resolution 
is desired. This can either be achieved by using short exposure times, or by using short illumination 
times if without illumination no signal is acquired by the detection system. Detection systems with 
sufficient shutter speed to enable microsecond exposures of the detection hardware usually have the 
disadvantage of reducing the detection efficiency. The Raman effect produces only weak signals, which 
is why a high excitation energy together with a high detection efficiency is desired. Using common 
pulsed lasers with sufficient pulse energy (typical pulse duration 10 ns), on the other hand, may cause 
optical breakdown generating a plasma within the beam waist due to the high powers of the laser 
(easily 100 MW). To generate pulses with sufficiently high energy but low power to avoid plasma 
generation, the pulses have to be stretched. 
The optical setup of the spray measurements is based on a Continuum Agilite long-pulse laser system 
providing a maximum single pulse energy of 1.5 J stretched over a 1 μs flat top pulse width at a 
wavelength of 532 nm and a repetition rate of 5 Hz to excite the Raman signal. To further prevent laser 
induced breakdown, the pulse energy was reduced to 300 mJ. The laser is guided to the beam shaping 
optics shown in Figure 24 by a set of mirrors, entering the beam shaping system from the bottom. The 
beam shaping system itself is vertically adjustable, enabling vertical scanning of the spray. A 2’’, 
300 mm focal length lens forms a beam waist of approximately 200 μm diameter in the desired 
measurement volume, and the beam waist itself is adjustable in its horizontal position by an objective 
within the beam shaping optics. The excitation situation within the chamber is shown in Figure 26 in 
top view, the excitation beam sectioning a spray cone is shown in green. The spray axis is tilted towards 
the oncoming beam in a 45° angle, as shown in Figure 27, and the plane in which the beam sections 
the cone is marked in Figure 26 for clarification. Figure 27 shows the spray cone and two example 
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excitation scenarios in terms of height above the injector ? in side view as seen from the detection 
side. 
 
Figure 26 - Excitation and detection situation inside the chamber. The laser beam waist sections one of the three spray cones, 
detection in 90°, spatially resolved along the beam waist. 
 
Figure 27 - Two different excitation scenarios in side view of the spray from detection side. Spatial resolution along the laser 
beam waist is indicated. 
A length of 5.33 mm of the beam waist is imaged under 90° angle in the horizontal plane with a 3’’ lens 
system (250 mm focal length on chamber side, 300 mm on spectrograph side), with a razor edge long 
pass filter to block elastically scattered light placed between the lenses, onto the entrance slit of an 
Andor Shamrock 303i imaging spectrograph. One example signal collection pathway of the resolved 
volume elements is indicated in Figure 26 in yellow. The slit width of the spectrograph is 200 μm, and 
the spectrograph is equipped with a 300 l/mm grating. Attached to the spectrograph is an Andor 
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Newton 971 EMCDD camera with a resolution of 1600  400 pixels and a pixel size of 16 µm  16 µm, 
detecting and quantifying the spectrally dispersed spatially resolved Raman signal. To enhance the 
signal-to-noise ratio (SNR), 800  200 superpixels were formed via two times two pixel hardware 
binning. For further SNR enhancement, eight pixel software binning along the spatial dimension was 
applied, leading to a final resolution of the data shown here of 800 pixels in spectral dimension times 
25 pixels in spatial dimension. With an imaged length of the beam waist of 5.33 mm, the spatial 
resolution of the beam waist is then approximately 210 µm (5.33 mm / 25). With a diameter of the 
beam waist of about 200 µm, signal from basically cylindrical volume elements of 200 µm diameter 
and 210 µm length is detected. It should be noted here that the typical drop size in diesel sprays is far 
below that volume, and consequently no individual droplets will be resolved, but rather droplets 
surrounded by ambient gas are to be expected. 
The sectional plane of the optical setup can be adjusted in terms of vertical position (height above the 
injector ℎ) and horizontal position along the excitation beam axis. When adjusting for a different 
height, the horizontal position has to be shifted accordingly to place the beam waist and the detection 
position in the center of the spray due to the spray axis’ angle of 45° (see Figure 27, heights 2.5 mm 
and 5 mm). Since the sectioning is not normal to the spray axis, the imaged volume elements along the 
beam waist do not correspond to the same depth of fuel penetration. Imaged volumes further on the 
oncoming laser side (i.e. lower elevation angles compared to the spray axis) have a higher axial 
penetration depth than volumes further on the nozzle side (i.e. higher elevation angles compared to 
the spray axis), and thus already a higher radial expansion. It is safe to assume a symmetric distribution 
of parameters like mixture composition normal to the spray axis, yet with the detection sectioning in 
45° relative to the spray axis, skewed profiles are to be expected. 
6.4. Investigated conditions 
In this study, mixture formation in ethanol sprays at diesel engine conditions was investigated by a 
multi-dimensional variation of parameters. The ambient temperature 𝑇𝑎 (ambient refers to the inside 
of the chamber), the ambient pressure 𝑝𝑎, the height above the injector ℎ (and thus the depth of 
penetration) and the time after visible start of injection 𝑡𝑎𝑣𝑠𝑜𝑖 were varied according to Table 5. At all 
conditions in the table, the injection pressure 𝑝𝑖  was set to 120 MPa, and the temperature of the fuel 
prior to injection 𝑇𝑓 was set to 363 K. Additionally, an injection pressure variation of 40 MPa and 
80 MPa was studied at 𝑝𝑎 = 6 𝑀𝑃𝑎 and 𝑇𝑎 = 923 𝐾, and a fuel temperature of 293 K was studied at 
these ambient conditions at 𝑝𝑖 = 120 𝑀𝑃𝑎. At each measurement point, 32 single measurements 
were performed consecutively. Further measurements were conducted for other fuels, but are not 
part of this work. The pressures are chosen to represent conditions that are subcritical for nitrogen 
(3 MPa), and sub- or supercritical for ethanol (𝑝𝑐 = 6.14 𝑀𝑃𝑎). 
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Table 5 - Operational conditions for spray measurements 
𝑝𝑎 (MPA) 𝑇𝑎 (K) ℎ (mm) 𝑡𝑎𝑣𝑠𝑜𝑖 (µs) 
3 
573 
2.5, 5, 10 25 – 1600  
623 
923 2.5, 5, 7.5, 10 25 – 1000  
5 
573 
2.5, 5, 10 25 – 1600  
623 
923 2.5, 5, 7.5, 10 25 – 1000  
6 
573 
2.5, 5, 10 25 – 1600  
623 
923 2.5, 5, 7.5, 10 25 – 1000  
6.5 
573 
2.5, 5, 10 25 – 1600  
623 
923 2.5, 5, 7.5, 10 25 – 1000  
8 
573 
2.5, 5, 10 25 – 1600  
623 
923 2.5, 5, 7.5, 10 25 – 1000  
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7.?Sprays – Results and discussion 
This section contains the results of the Raman measurements in ethanol sprays injected at diesel-
engine conditions and their discussion. In the first subsection, the data evaluation procedures leading 
to the results in terms of fuel fraction, liquid fuel fraction and liquid temperature are described. Then, 
the calibration results are shown and discussed. After that follow the results from the spray 
measurements at the different operational conditions along with their interpretation and discussion. 
7.1.? Data evaluation 
The Raman signals from the spray measurements are acquired as an image on the camera chip, with 
one spatial and one spectral dimension. An example signal distribution is shown in Figure 28, where 
the spatial information is plotted on the depth axis and the spectral information (one spectrum per 
resolved volume element) on the horizontal axis, while the intensities are plotted on the vertical axis. 
The intensities of the spectra have each been normalized to their respective maximum for better 
visibility. The Raman signals attributed to nitrogen in the region between 2300 cm-1 and 2380 cm-1 are 
highlighted in red, and the Raman signals attributed to hydrocarbons and thus the presence of ethanol 
in this work between 2700 cm-1 and 3100 cm-1 are highlighted in blue. With the presence of ethanol, 
also the Raman OH-band of liquid ethanol between 3100 cm-1 and 3700 cm-1 becomes visible, as well 
as the distinct vapor phase peak of the OH stretch vibration of ethanol at 3650 cm-1, both in grey. 
 
Figure 28 - Intensity distribution of Raman signals on camera chip. Spectral dimension on horizontal axis and spatial dimension 
on depth axis. Two spectra P1 and P2 are marked as outside and inside of the spray. The nitrogen peak at about 2330 cm-1 is 
highlighted in red, the CH-signal of ethanol at ~2900 cm-1 in blue. 
The spatial positions P1 and P2 are both marked in Figure 26, Figure 27 and Figure 28 for reference. The 
position P1 lies outside of the spray, in the direction of the oncoming laser beam. There is no ethanol 
detected here, the nitrogen peak is clearly visible. The spectrum at position P2 is from inside the spray, 
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here the signal peak indicating ethanol presence are visible, and the nitrogen peak is apparently 
smaller. To improve the quality of the acquired images, the 32 images captured at each measurement 
point are added, with a filter rejecting occasional images with laser induced breakdowns identified by 
their much higher signal intensity. A baseline correction by cubic spline interpolation identical with the 
one applied in the VLE measurements (section 5) is applied to each spectrum.  
Evaluation of the Raman spectra now allows for the extraction of sought after parameters in a spatially 
and, by means of temporal scanning, temporally resolved manner, collapsing the spectral dimension. 
These parameters are the fuel fraction in the imaged volume element, the fraction of liquid fuel inside 
that volume element, and the temperature of the liquid structures as average over all liquid structures 
present in the volume element at the time of acquisition.  
7.1.1. Fuel fraction determination 
The procedure for the determination of the fuel fraction as molar fraction of ethanol 𝑥𝐸𝑡𝑂𝐻 is identical 
to the one for the VLE measurements described in section 5.1 and thus only briefly recapitulated here. 
The Raman signals 𝑆𝑁2  of nitrogen and 𝑆𝐶𝐻 of fuel (ethanol in this case) are integrated over their 
respective Raman shift ranges (see Figure 28 and Figure 15), resulting in the Raman signal intensities 
𝐼𝑁2 and 𝐼𝐶𝐻. These intensities are linked to the molar ratio via the equation 
𝑛𝑓𝑢𝑒𝑙
𝑛𝑁2
=
𝑛𝐶𝐻
𝑛𝑁2
= 𝑘 ⋅
𝐼𝐶𝐻
𝐼𝑁2
 (5) 
With the calibration factor 𝑘 obtained from calibration measurements, the molar ratio can be 
computed, and from the molar ratio the molar fraction is accessible. However, this value does not hold 
any information on whether the fluid within the observed volume element is in the single-phase liquid, 
gaseous, or supercritical state, or in the binary liquid/gas phase. There might be a homogeneous 
mixture of fuel and ambient gas in the single-phase regime, or a mixture of identical composition 
segregated into liquid structures of almost pure fuel surrounded by fuel-lean mixture in gaseous state. 
Consequently, the determination of the fluid state is desirable, or the fraction of liquid within the 
observed volume element, is desirable. 
7.1.2. Liquid fraction determination 
The procedure for the determination of the liquid fraction is derived from the liquid film correction of 
the VLE measurements of the ethanol/nitrogen system described in section 5.3. The spectra between 
3 mm and 4 mm spatial position in Figure 28 indicate presence of liquid structures, seen as signal 
between 3350 cm-1 and 3650 cm-1, and resemble the black superimposed spectrum in Figure 19. In 
these positions, liquid structures are present, surrounded by ambient gas comprised of nitrogen and 
fuel. To deconvolve the measured, superimposed spectrum into the respective contributions from the 
liquid and the supercritical gas-like or gaseous state, mathematical fitting of liquid spectra gained 
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during the VLE measurements and gas phase spectra from the calibration measurements within the 
chamber is applied. The sum of the gas phase spectrum 𝑆𝑔𝑎𝑠 (fitted with respect to intensity by the 
factor 𝑎 and the liquid phase spectrum 𝑆𝑙𝑖𝑞𝑢𝑖𝑑(𝑇) (fitted with respect to intensity by the factor 𝑏 and 
with respect to band-shape by the temperature 𝑇 to pick the best fitting liquid spectrum from the 
database) are fitted to the measured spectrum 𝑆𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 according to Eq. 5 by least squares 
minimization of the residuals. 𝑆𝑙𝑖𝑞𝑢𝑖𝑑 is interpolated beforehand to match the spectral resolution of 
the detection system used for the spray measurements. 
𝑆𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝑎 ⋅ 𝑆𝑔𝑎𝑠 + 𝑏 ⋅ 𝑆𝑙𝑖𝑞𝑢𝑖𝑑(𝑇) (6) 
In order to calculate the liquid fraction 𝑥𝑙𝑖𝑞𝑢𝑖𝑑 of ethanol of the entire fuel present in the observed 
volume element, the Raman CH-signal of the fitted spectra 𝐼𝐶𝐻,𝑔𝑎𝑠𝑒𝑜𝑢𝑠 and 𝐼𝐶𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 is used instead 
the OH Raman band signals due to its higher signal intensity and thus better SNR. When Raman signals 
are to be used to quantify the number of molecules present within the measurement volume, the 
refractive index of the fluid has to be taken into account. If molar ratios are derived from intensity 
ratios measured in a homogeneous fluid, the refractive index cancels out, yet in the present case the 
intensities of the Raman CH-signal stem from two different phases with differing refractive indices 
measured simultaneously. Therefore, this difference has to be taken into account when calculating the 
liquid fraction from these spectra, as is done in Eq. 6. A correction for the different local field of the 
liquid phase and the gaseous / gas-like supercritical phase is incorporated by their indices of refraction 
𝑛𝑟𝑒𝑓𝑟 [51]. 
𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 =
𝑛𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑
𝑛𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 + 𝑛𝐸𝑡𝑂𝐻,𝑔𝑎𝑠𝑒𝑜𝑢𝑠
= (1 +
𝐼𝐸𝑡𝑂𝐻,𝑔𝑎𝑠𝑒𝑜𝑢𝑠
𝐼𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑
⋅ [
(𝑛𝑟𝑒𝑓𝑟.,𝑙𝑖𝑞𝑢𝑖𝑑 + 2)
4
(𝑛𝑟𝑒𝑓𝑟.,𝑔𝑎𝑠𝑒𝑜𝑢𝑠 + 2)
4 = 𝑛])
−1
= (1 +
𝐼𝐸𝑡𝑂𝐻,𝑔𝑎𝑠𝑒𝑜𝑢𝑠
𝐼𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑
⋅ [1.575 = 𝑛])
−1
 
(7) 
For ethanol/nitrogen mixtures of various compositions within the temperature and pressure range 
investigated, there exist no data on the refractive index. Assuming the refractive index of the gaseous 
mixture to be 1, the refractive index of liquid ethanol at standard conditions is given in literature as 
1.361 [52]. The assumptions made concerning the refractive indices here might introduce an error in 
the calculation of the liquid fraction, yet neglecting the influence of the phase state on the Raman 
signal intensity would definitely be more erroneous. It can be expected that at the here analyzed high 
pressures and high temperatures, the indices of refraction of the gaseous and the liquid mixture are 
larger than 1 and smaller than 1.361, respectively, as also the densities of the gaseous and liquid phase 
converge towards the critical point of the mixture. Consequently, the indices of refraction chosen in 
Eq. 7, most probably underestimate the liquid fraction in the mixture. Assuming equality of the indices 
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of refraction of the liquid and the gaseous phases, the value 𝑛 = 1.575 in Eq. 7 has to be replaced with 
the value 𝑛 = 1. Considering 1 instead of 1.575 would overestimate the liquid fuel fractions 
𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑. 
7.1.3. Liquid temperature determination 
The liquid temperature determination within the spray is based on the Raman thermometry described 
in section 5.6. Basically, the liquid phase temperature 𝑇𝑙𝑖𝑞𝑢𝑖𝑑 can be derived from the temperature 
variable of the fitted liquid spectrum of the liquid fraction determination. The database of the liquid 
spectra from VLE measurements provides a temperature resolution of 10 K, resulting in a temperature 
determination in 10 K steps when applying them to the spectra acquired during spray measurements. 
Furthermore, the reliability of the fit decreases tremendously with decreasing liquid fractions where 
the SNR of the Raman OH-band becomes large. To overcome the discreteness of the liquid spectra 
database and to increase the robustness of the liquid temperature determination, the integrated 
absolute difference spectrum (IADS) Raman thermometry approach introduced in section 5.6 is 
applied. From each spectrum acquired during the spray measurements, the absolute difference to a 
reference spectrum from the VLE database is calculated. The integrated signal of this absolute 
difference spectrum correlates with temperature according to fit equation found in section 5.6. It is 
known that the liquid phase spectra of the VLE measurements are saturated with nitrogen, and 
assumed that the liquid structures of the sprays contain nitrogen and the VLE spectra are thus 
applicable. Even if the liquid structures in the sprays were not saturated with nitrogen, it has been 
shown that the nitrogen content has only a minor influence on the spectra [46]. To further strengthen 
the claim of comparability between the spray and the VLE spectra, spectra acquired during calibration 
measurements inside the chamber were compared to spectra acquired at the same conditions in terms 
of pressure and temperature during the VLE measurements (intensity normalized and corrected for 
spectral resolution), and no remarkable differences in band-shape were found (see Figure 29). 
Since the IADS method must only be applied to the Raman OH-band of liquid phase spectra, in a first 
step a gas phase spectrum from the calibration measurements is subtracted from the spray spectra. 
The gas phase spectrum is already fitted to the measured spray spectrum during the liquid fraction 
determination, facilitating the subtraction. What is left is the Raman signal from the liquid phase, which 
is then area-normalized with respect to the Raman OH-band and then undergoes the IADS evaluation 
procedure, yielding a liquid phase temperature without the coarse stepping of the VLE database and 
with high tolerance to low SNR levels.  
 
Sprays – Results and discussion 49 
 
Figure 29 - Comparison of chamber and capillary spectra of an ethanol molar fraction of x=0.1 at 5 MPa and 573 K. 
7.2. Calibration results 
In order to derive the molar composition from the spectra acquired during the spray measurements, 
a calibration of the setup is necessary. The calibration measurements are performed in the glass cell 
described in section 6.2. Different compositions of ethanol and nitrogen are set within the glass cell, 
and 64 spectra are recorded per measurement point at 50 spatially resolved positions. These three 
dimensional data can now be plotted in two ways: As intensity ratio over spatial resolution, averaging 
the temporal dimension and giving the standard deviation thereof (see Figure 30), or as intensity ratio 
over temporal resolution, averaging the spatial dimension and giving the standard deviation thereof 
(see Figure 31). The distribution of the intensity ratios over the spatial resolutions shows no 
dependency of the Raman signal’s intensity ratios on the spatial position, meaning that the evaluation 
procedure may be applied to all spectra regardless of their spatial position. The higher standard 
deviations on the right side in Figure 30 can be explained by a slight off-center positioning of the laser 
beam waist. The beam waist’s center is shifted towards the left with respect to the glass cell, leading 
to a higher irradiance there and a lower irradiance on the right. Consequently, the signal intensities 
and thus also the signal-to-noise ratios are higher on the left, and lower on the right. 
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Figure 30 - Intensity ratios from calibration measurements over spatial resolution at different compositions. STDs from time-
averaging over 64 measurements. 
In Figure 31, on the other hand, the distribution of the intensity ratios over the number of acquisitions 
(or shots) is given, i.e. the temporally resolved case. The set mixture compositions appear to be 
sufficiently stable over time, there is no fuel-enrichment within the glass cell. The absolute standard 
deviations increase with increasing fuel fraction, but their relative value remains about the same. 
 
Figure 31 - Intensity ratios from calibration measurements over temporal resolution at different compositions. STDs from 
spatial averaging over 50 positions. 
To rule out possible stratification within the glass cell due to the higher density of fuel-rich fluid, the 
team at the facility in Nuremberg performed Schlieren-measurements on the calibration setup. There 
were no signs of persistent density differences detectable, and the observed turbulences indicated 
satisfactory mixing. 
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By averaging the spatially or temporally resolved calibration measurements, it is possible to derive a 
linear relation between the set molar ratios 
𝑛𝐸𝑡𝑂𝐻
𝑛𝑁2
 and the measured intensity ratios 
𝐼𝐸𝑡𝑂𝐻
𝐼𝑁2
 according to 
Eq. 5. The mean of the intensity ratios for either averaging method (spatial or temporal) is given in 
Figure 32, including the respective standard deviations. The slope of the best linear fit function to these 
data is the desired calibration factor 𝑘 = 0.0568, linking the intensity ratios to the molar ratios 
according to Eq. 5. Since the calibration measurements were performed at pressures ranging from 
3 MPa to 5 MPa and temperatures from 573 K to 673 K, and neither a temperature nor a pressure 
dependency was found, the calculation of molar fractions of fuel from spectra measured within the 
spray is now possible, irrespectively of temperature and pressure. 
 
Figure 32 - Intensity ratio over set molar ratio with linear fit. 
7.3. Spray results 
With the described evaluation methods, it is possible to derive all at once, the molar ethanol fraction 
𝑥𝐸𝑡𝑂𝐻 in the mixture, the fraction of ethanol contained in the liquid phase 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 of the mixture 
(liquid ethanol fraction) and the temperature 𝑇𝑙𝑖𝑞𝑢𝑖𝑑  of that liquid fraction from the spectra measured 
along a line in a certain height above the injector nozzle exit. Figure 33 shows this combined and 
simultaneously acquired information spatially resolved (horizontal position in Figure 33) along the 
beam waist (see Figure 27). The data points are mean values averaged over 32 consecutive injection 
measurements. The ethanol molar fraction 𝑥𝐸𝑡𝑂𝐻 and the liquid fraction 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 are both 
represented on the left vertical axis, the liquid phase temperature 𝑇𝑙𝑖𝑞𝑢𝑖𝑑 is quantified on the right 
axis. The shown data were measured at injection conditions of an ambient pressure of 6 MPa, an 
ambient temperature of 923 K and 700 µs after the start of injection, when the spray stream is already 
stationary (no more effect of the needle opening behavior). The height probed is 5 mm above the 
injector nozzle. Due to the elevation angle of 45° the penetration depth of the center of the stream is 
7.1 mm at a height of 5 mm. Both variants for the correction of the index of refraction of the liquid 
y = 0,0568x
R² = 0,9995
0,0
0,1
0,2
0,3
0,4
0,5
0,6
0 2 4 6 8 10
n
Et
O
H
/n
N
2
/ 
-
IEtOH/IN2 / -
spatially averaged
temporally averaged
52 Sprays – Results and discussion 
phase 𝑛𝑟𝑒𝑓𝑟.,𝑙𝑖𝑞𝑢𝑖𝑑 as in Eq. 7 are shown, either for 𝑛 = 1.575 and 𝑛 = 1. Since the real index of 
refraction of the liquid phase during the measurements is assumed to be somewhere within this range, 
the real liquid fraction is also bound to be somewhere between the data points shown here. 
 
Figure 33 – Ethanol fraction 𝑥𝐸𝑡𝑂𝐻, fraction of ethanol in the liquid phase 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑  and liquid phase temperature 𝑇𝑙𝑖𝑞𝑢𝑖𝑑  
along section of spray in 5 mm height. Ambient pressure is 6 MPa, ambient temperature is 923 K, 700 µs after start of 
injection.𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑  as calculated for two different indices of refraction. 
In Figure 33, the laser beam penetrates the spray steam from right (large horizontal positions) to left 
(small horizontal positions). The horizontal position of 2 mm can be assumed to be the spray axis, as 
along the spray axis the larges ethanol fractions 𝑥𝐸𝑡𝑂𝐻 are expected. The distribution of the ethanol 
molar fraction 𝑥𝐸𝑡𝑂𝐻 (black discs) and the fractions of ethanol in the liquid phase 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 are 
asymmetric, resembling a skewed Gaussian resulting from the sectioning of the laser beam and the 
spray stream under 45° angle with respect to the spray’s axis (compare Figure 27). Two consequences 
result: Firstly, positions left of the spray axis (horizontal position of 2 mm) feature a shorter 
penetration depth than horizontal positions right of the spray axis. Secondly the portion of the spray 
stream left of the spray axis is smaller (horizontal positions between 0.5 mm and 2 mm) than it is right 
of the spray stream center (horizontal positions from 2 mm to 5 mm). Thus, 𝑥𝐸𝑡𝑂𝐻 on the left side of 
the maximum increases steeper than it decreases on the right side of the maximum. Due to the shorter 
penetration depth left of the spray stream center and thus due to less time available for heat and mass 
transfer between the injected ethanol and the ambient nitrogen, the distribution of the ethanol 
fraction in the liquid phase 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 shows larger values on the left side of the spray stream center 
than on the right side. The fuel on this side has not been exposed to the ambient gas as long as on the 
right side, leading to shorter heating and less evaporation of the liquid phase. 
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The temperature distribution inversely follows the distribution of 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 in terms of position. The 
lowest liquid phase temperature 𝑇𝑙𝑖𝑞𝑢𝑖𝑑 is found in the position of the highest 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑, with 
increasing temperature towards the flanks of the spray with decreasing liquid fraction.  
To ensure reliable evaluation, 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 was only calculated when 𝑥𝐸𝑡𝑂𝐻 > 0.1, and 𝑇𝑙𝑖𝑞𝑢𝑖𝑑  only 
when 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 > 0.05. The data quality also depends on the penetration depth of the laser beam 
through the spray stream and thus onto the horizontal position. The laser beam is scattered from 
liquid/gas interfaces and refracted from gradients of the index of refraction when penetrating the 
spray stream, resulting in degrading signal-to-noise with depth of penetration through the spray 
stream. Data for 𝑥𝐸𝑡𝑂𝐻, 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 or 𝑇𝑙𝑖𝑞𝑢𝑖𝑑 calculated for horizontal positons between 0 and 1 are 
thus not reliable and are therefore neglected in the following.  
When looking at the development of the measured quantities with e.g. time or pressure, it is 
convenient to collapse the spatial dimension of the data. To this end, we applied weighted averaging 
to 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 and 𝑇𝑙𝑖𝑞𝑢𝑖𝑑 along the spatial dimension and from now on only consider the temporal 
evolution. For each measurement, 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 at each horizontal position 𝑖 is weighted with the 
respective ethanol molar fraction 𝑥𝐸𝑡𝑂𝐻,  
 ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 =
∑ 𝑥𝐸𝑡𝑂𝐻,𝑖⋅𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑,𝑖
∑ 𝑥𝐸𝑡𝑂𝐻,𝑖
          ?̅?𝑙𝑖𝑞𝑢𝑖𝑑 =
∑ 𝑥𝐸𝑡𝑂𝐻,𝑖⋅𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑,𝑖⋅𝑇𝑙𝑖𝑞𝑢𝑖𝑑,𝑖
∑ 𝑥𝐸𝑡𝑂𝐻,𝑖⋅𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑,𝑖
 
(8) 
so that liquid fractions in positions of high molar fractions contribute stronger to the mean value. For 
the averaging of the liquid phase temperature, both, the molar fraction and the liquid fraction are 
taken into account. The functions leading to the weighted mean fractions of ethanol in the liquid phase 
?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 and weighted mean liquid phase temperature ?̅?𝑙𝑖𝑞𝑢𝑖𝑑 are written in Eq. (8). There are other 
ways to eliminate the spatial dimension of the data, e.g. following only values along the spray axis. The 
choice of method strongly depends on the requirements of the model to be fed with the experimental 
data. 
Having thus reduced the data by the horizontal position, it is possible to analyze them over time after 
visible start of injection 𝑡𝑎𝑣𝑠𝑜𝑖. This is shown for a small number of variations of ambient conditions 
and height above the injector nozzle in Figure 34 for ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑. The full data points were evaluated 
according to equation 3 with the constant 1.575, while for the open data points the constant was set 
to 1. The real values are expected to be in between these two extremes. There is no fuel and thus no 
liquid present at the first points in time, since the spray has not yet reached the probed volume. For 
the height of 10 mm (blue triangles), the arrival is delayed more. When the head vortex of the spray 
reaches the probed volume (first data points), we detect a slightly higher fraction of ethanol in the 
liquid phase, compared to the values detected afterwards in the stationary spray stream. The liquid 
phase temperatures ?̅?𝑙𝑖𝑞𝑢𝑖𝑑  belonging to ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 in Figure 34 are shown in Figure 35. The influence 
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of setting the refractive index factor 𝑛 to 1 on the weighted averaging procedure for the liquid phase 
temperatures ?̅?𝑙𝑖𝑞𝑢𝑖𝑑 is small. For example, at the conditions 𝑝𝑎 = 6 𝑀𝑃𝑎 and 𝑇𝑎 = 923 𝐾, ?̅?𝑙𝑖𝑞𝑢𝑖𝑑 for 
𝑛 = 1 is 5.3 K higher compared to the case 𝑛 = 1.575, a difference that lies within the standard 
deviation of the measurement. Since this difference is insignificant, and even smaller for ambient 
conditions resulting in lower ?̅?𝑙𝑖𝑞𝑢𝑖𝑑, only ?̅?𝑙𝑖𝑞𝑢𝑖𝑑 for 𝑛 = 1.575 are shown in order to refrain from 
overloading the diagrams by also plotting the case 𝑛 = 1. 
 
Figure 34 - Weighted mean fractions of ethanol contained in the liquid phase ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑  over time after visible start of 
injection for different conditions and measurement heights above the injector nozzle. ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑  calculated both for 
 𝑛 = 1.575 (solid) and 𝑛 = 1 (open) 
 
Figure 35 - Weighted mean liquid temperature ?̅?𝑙𝑖𝑞𝑢𝑖𝑑  over time after visible start of injection for different conditions and 
measurement heights above the injector nozzle 
Increasing the measurement height above the injector nozzle from 5 mm to 10 mm (compare black 
and blue data points) leads to a decreased of ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 and an increase in ?̅?𝑙𝑖𝑞𝑢𝑖𝑑. Both observations 
can be explained by the longer time available for heat and mass transfer for measurements at 10 mm 
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compared to 5 mm. The portion of ethanol in the liquid phase is reduced due to evaporation while the 
temperature of the remaining liquid phase increases due to ongoing heat transfer from the hot 
ambient gaseous atmosphere to the liquid phase. ?̅?𝑙𝑖𝑞𝑢𝑖𝑑 measured at 10 mm and 3 MPa are 
approximately the boiling temperature of 470 K of ethanol at the same pressure of 3 MPa. Increasing 
the ambient pressure from 3 MPa to 6 MPa (compare black and red data points) decreases ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 
and only slightly increases ?̅?𝑙𝑖𝑞𝑢𝑖𝑑. With increasing pressure and at constant temperature the density 
and with this the volume specific enthalpy contained in the nitrogen atmosphere increases [7]. Thus, 
at higher pressure the spray stream has to penetrate a denser medium, which (i) retards the 
propagation of the stream and (ii) facilitates aerodynamic heat and mass transfer. Additionally, the 
denser atmosphere can (iii) deliver more heat to the liquid phase. These three effects in combination 
explain why ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 decreases with increasing ambient pressure. Surprisingly ?̅?𝑙𝑖𝑞𝑢𝑖𝑑 at 6 MPa is 
only slightly larger than at 3 MPa and remains significantly below the boiling temperature of 504 K of 
pure ethanol at 6 MPa. This indicates a balance between heat transported from the ambient gaseous 
atmosphere into the liquid phase and the enthalpy transported due to evaporation from the liquid 
phase to the gaseous atmosphere.  
In these measurements, the injection is stationary around 300 µs after visible start of injection. Thus 
the temporal dimension may now be collapsed by averaging over it for 𝑡𝑎𝑣𝑠𝑜𝑖 > 300µ𝑠, facilitating the 
comparison of the influence of different ambient conditions and measurement heights above the 
injector nozzle on ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 and ?̅?𝑙𝑖𝑞𝑢𝑖𝑑. The standard deviations in the following are calculated from 
the temporal averaging in the stationary phase of the spray stream.  
The correlation of ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 with ambient pressure and temperature is shown in Figure 36 for a 
measurement height ℎ = 5 𝑚𝑚 above the injector nozzle, converting to an effective penetration 
depth of 7.1 mm. The solid data points were evaluated according to equation 3 with the constant 𝑛 =
1.575, while for the open data points the constant was set to 𝑛 = 1. The real values are expected to 
be in between these two extremes. As expected, for a constant ambient pressure ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 
decreases with increasing ambient temperature, as the temperature gradient between the ambient 
gaseous phase and the liquid phase increases, which is the driving force of heat transfer between these 
two phases. At constant ambient temperature the decrease of ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 with increasing pressure 
can be explained again by (i) the increase of retardation at higher pressure, (ii) the increase of 
aerodynamic transfer and (ii) the increase of enthalpy in the ambient environment (compare 
explanations given in the context of Figure 34). 
The liquid phase temperatures ?̅?𝑙𝑖𝑞𝑢𝑖𝑑 related to the liquid fractions in Figure 36 are shown in Figure 
37 together with the boiling point curve (BPC) of pure ethanol as solid line. The end point of the boiling 
temperature line of pure ethanol define the critical temperature and pressure of 514 K and 6.14 MPa. 
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For pressures below the critical pressure of pure ethanol, ?̅?𝑙𝑖𝑞𝑢𝑖𝑑 always remains below the boiling 
temperature, though the ambient temperature was set above the boiling temperature and above the 
critical temperature. This indicates again a balance between heat transported from the ambient 
gaseous atmosphere into the liquid phase and the enthalpy transported due to evaporation from the 
liquid phase to the gaseous atmosphere. It has to be noticed that even for the two analyzed ambient 
pressures of 6.5 MPa and 8 MPa, which are both above the critical pressure of pure ethanol, ?̅?𝑙𝑖𝑞𝑢𝑖𝑑 
does not exceed the critical temperature of pure ethanol. Also Figure 36 reports for these pressures 
the existence of a liquid phase at ℎ = 5𝑚𝑚 as ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 > 0. Both observations imply that the 
transcritical mixing process of the ethanol and nitrogen – at least in parts – follows the characteristics 
of a classical spray process with heat and mass transfer between coexisting gaseous and liquid phases, 
even if the ambient pressure and temperature exceed the critical parameters of the fuel ethanol.  
 
Figure 36 – Fraction of ethanol contained in the liquid phase of the mixture ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑  at different ambient temperatures 
over ambient pressures for a measurement height of 5 mm above the injector nozzle. The solid data points were determined 
using the value 1.575 as constant in Eq. 7. The open data points were determined using the value 1 instead of 1.575 as constant 
in Eq. 7. 
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Figure 37 - Liquid phase temperature ?̅?𝑙𝑖𝑞𝑢𝑖𝑑  at different ambient temperatures over ambient pressure at 5 mm height above 
the injector; BPC: Boiling point curve 
Figure 38 and Figure 39 show that even at measurement heights of 7.5 mm above the injector nozzle 
we found ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 > 0 for all analyzed pressures and the highest ambient temperature of 923 K. 
At 10 mm above the injector nozzle only for ambient pressures of 3 MPa ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 > 0. As described 
above 𝑇𝑙𝑖𝑞𝑢𝑖𝑑 is only determined if 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 > 0.05. Therefore data on ?̅?𝑙𝑖𝑞𝑢𝑖𝑑 are missing for small 
values of ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑. Evaluating the measurements with the refractive index factor 𝑛 = 1 yields 
slightly lower ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 and slightly higher ?̅?𝑙𝑖𝑞𝑢𝑖𝑑, but otherwise does not contribute new 
information. To not overload the diagrams, we from here on refrain from showing the data for the 
case 𝑛 = 1. 
 
Figure 38 – Fraction of ethanol contained in the liquid phase ?̅?𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑  at different ambient pressures over height above the 
injector nozzle at an ambient temperature of 923 K 
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Figure 39 - Liquid phase temperature ?̅?𝑙𝑖𝑞𝑢𝑖𝑑  at different ambient pressures over measurement height above the injector 
nozzle, at an ambient temperature of 923 K 
Finally we want to demonstrate the advantage of the here proposed method of deconstructing the 
entire OH Raman signal into its shares from ethanol in the liquid and in the gaseous state and extracting 
from these separated spectra information about the existence of a liquid phase or a two-phase mixing 
process. The advantage becomes obvious when analyzing the ethanol molar fractions 𝑥𝐸𝑡𝑂𝐻 (averaged 
over time for 𝑡𝑎𝑣𝑠𝑜𝑖 > 300µ𝑠) we measured using the calibration shown in Figure 32. These ?̅?𝐸𝑡𝑂𝐻 data 
are shown in Figure 40 in a temperature composition (𝑇𝑥𝐸𝑡𝑂𝐻) diagram for the ambient pressure 
6.5 MPa and for three different measurement heights above the injector nozzle. We consider the 
corresponding 𝑇𝑙𝑖𝑞𝑢𝑖𝑑 values as the temperature provided on the ordinate. The dew point curve (DPC), 
which encloses the vapor/liquid two-phase region, is given also for an ambient pressure of 6.5 MPa 
[45]. The liquid phase temperatures are given where 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 > 0.  
 
Figure 40 – Temperature-composition diagram for 6.5 MPa with data acquired at 𝑇𝑎 = 923 𝐾 at heights of 2.5, 5 and 7.5 mm. 
Liquid phase temperatures are given where 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 > 0. 
Apparently the data points defined by the composition 𝑥𝐸𝑡𝑂𝐻 and the corresponding temperature 
𝑇𝑙𝑖𝑞𝑢𝑖𝑑 are predominantly positioned in the single-phase gaseous region and thus do not indicate the 
existence of a liquid phase. But for the same conditions 𝑥𝐸𝑡𝑂𝐻,𝑙𝑖𝑞𝑢𝑖𝑑 > 0 was measured, which 
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indicates the existence of a liquid phase. This can be explained by the fact that 𝑥𝐸𝑡𝑂𝐻 is evaluated from 
the spectrum 𝑆𝑒𝑥𝑝(𝑇) that summarizes contributions from the liquid and the gaseous phase. If the 
majority of the signal comes from the ethanol-poor gaseous phase, small 𝑥𝐸𝑡𝑂𝐻 values result that are 
located outside the two-phase region, though relatively small portions of a liquid phase might have 
existed. As indicated by the arrows in the diagram, larger values for 𝑥𝐸𝑡𝑂𝐻 originate from the center of 
the spray, having smaller values for 𝑇𝑙𝑖𝑞𝑢𝑖𝑑 compared to the flanks of the spray. Since the values from 
the spray center are dominant when calculating the weighted average values ?̅?𝑙𝑖𝑞𝑢𝑖𝑑, the weighted 
average liquid phase temperature is below the critical temperature of pure ethanol. In Figure 40 it 
becomes apparent though, that towards the flanks of the spray the liquid or liquid-like phase of the 
fuel may reach or even exceed the critical temperature for ℎ > 2.5 𝑚𝑚. 
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8. Conclusion 
The objective of this work was to provide insight into the mixture formation of fuels and air at 
potentially transcritical conditions, by the example of ethanol or decane with nitrogen. In a micro 
capillary setup, Raman spectroscopic methods for the measurement of mixture composition, liquid 
fraction and liquid phase temperature were developed. Additionally, data on vapor-liquid-equilibria of 
ethanol/nitrogen and decane/nitrogen at engine relevant conditions in terms of temperature and 
pressure were acquired. At these conditions, literature data needed for simulations are scarce. The 
developed methods were then applied to realistic injection and mixture formation processes inside an 
optically accessible injection chamber at pressures and temperatures resembling those in a diesel 
engine. 
Within the scope of this work, a fast and remote measurement approach for VLE data at elevated 
pressures and temperatures was developed, at conditions relevant for internal combustion engines. 
The realized setup only requires minimal volumes in terms of fuel and gas, and is versatile in terms of 
liquids or gases as long as the viscosities of the fluids allow for pumping through the capillary without 
massive pressure drop. The gained data are reliable for the liquid-phase and for the vapor-phase, as 
long as there is no Raman signal cross-talk from the other phase. For systems containing alcohol, water, 
or ammonia, the cross-talk can be corrected for by application of the proposed correction method. VLE 
measurements of systems containing air and/or other fuels such as e.g. polyoxymethylene dimethyl 
ethers would also be possible with this setup as approach, and measurements in ternary systems also 
seem possible since the fundamental principle of the setup is still identical to Luther et al. [19]. 
Furthermore, the VLE setup allows for investigation of Raman thermometry in hydrogen bonds 
developing fluids at engine relevant conditions. The found correlations between Raman spectra and 
temperature evaluated by means of the integrated absolute difference spectroscopy method showed 
high accuracy and pathed the way for the liquid temperature determination in the spray 
measurements. 
By Raman spectroscopic measurements in a spray at engine-relevant conditions, spatially and 
temporally resolved data on the fuel fraction, the fraction of the fuel in a liquid state and the liquid 
phase temperature were acquired. The data show that merely setting the ambient conditions 
exceeding the critical pressure and temperature of the fuel is not sufficient to obtain a purely single-
phase mixing process or a “supercritical spray”. Even for ambient pressures of 8 MPa and ambient 
temperatures of 923 K, Raman signatures typical for ethanol in a liquid phase were found. These 
observations were made possible by separating the signal contributions originating from the liquid and 
from the gaseous phases from each other by the cross-talk correction established with the VLE setup. 
It shall be emphasized here that the temperature evaluation method introduced in the VLE 
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experiments and applied in the sprays is based only on the liquid fraction of the fuel. No information 
about the temperature of the fuel-poor ambient phase that surrounds the liquid domains can be made 
based on the evaluation of the signature of the OH band of ethanol. But a careful analysis of the shape 
of the Q-branch signal of nitrogen could most probably make the temperature of the non-liquid-phase 
accessible. Measurement techniques that cannot differentiate between the signal contributions from 
either the liquid or the gaseous phase most probably do not have the capacity to identify the existence 
of a liquid phase. This was demonstrated by analyzing the ethanol molar fractions evaluated from 
experimentally acquired spectra that had not been separated before into their liquid and gaseous 
shares. It should be pointed out that the vessel and thus the amount of nitrogen available for 
entrainment is very large compared to the confined space in the cylinder of an IC-engine, for example. 
If the surrounding gas is cooled and increasingly saturated by the injection, this might influence the 
phase transition process. The described technique and data evaluation methods are applicable to 
similar processes, provided the fuel develops hydrogen bonds.  
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